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Abstract

The standard model (SM) of particle physics has been a successful paradigm for the explanation of
processes at the most fundamental scales of Nature. However, there is vast evidence of this model
being incomplete, as it only explains 15% of the matter content in the Universe. The nature of the re-
maining ‘dark matter’ content, from which only the gravitational interaction with normal matter has
been observed, has not been resolved to the present day. Moreover, with the discovery of neutrino
oscillations, the question of how neutrinos acquired mass was introduced, with no known answer
within the SM. Other fundamental properties and mechanisms, such as the exceedingly small upper
limit on the neutron electric dipole moment or the mass generation mechanism for neutrinos, cannot

be explained, and the necessity of theories beyond the SM is unquestionable.

This work was developed in the context of the design and physics reach studies of the future DAR-
WIN observatory, a dual-phase time projection chamber (TPC) able to detect the light and charge
yield from incident particles scattering off the liquid xenon target. DARWIN can search for dark mat-
ter candidates, such as weakly interacting massive particles and axions, as well as put constraints on

the neutrino properties, among others.

This thesis focuses on the projected sensitivity of DARWIN to rare processes, such as the detection of
axions produced in the Sun and the neutrinoless double beta decay process of 3*Xe, that can provide

evidence of the mechanism that gives mass to neutrinos.

One of the challenges of future LXe detectors resides in the purification of the xenon target in order
to prevent charge signal degradation. To that end, a TPC that will serve as a demonstrator in the
vertical dimension of 2.6 m long was designed and will be constructed at the University of Zurich.
Its mechanical and electrical design for the Xenoscope project is described in this work. At the first
stage of this project, a purity monitor of 53 cm, corresponding to a section of the 2.6 m TPC, was
designed and operated in Xenoscope, yielding promising results on the achievable LXe purity and

electron transport properties.
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My main contributions to the work described in this thesis are summarised:
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and current signal simulations for a 2.6 m field cage. I fabricated thin films for photocath-
odes immersed in LXe in the laboratory of Condensed Matter in the University of Ziirich, and
performed quality assessment of this photocathodes in the Center for Microscopy and Image

Analysis.
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Chapter 1

What Lies Beyond the Standard Model?

The 20th century has witnessed the accelerated development of the current understanding of ele-
mentary particles in Nature. Since the pivotal understanding of matter as composed of fundamental
particles, more particles were added to the elementary particle landscape, with the last addition being
the discovery of the Higgs boson in 2012 by ATLAS and CMS at the Large Hadron Collider (LHC) [2].
This is not a closed ending in the efforts to describe particles at the most fundamental scales in Na-
ture. By the end of this chapter, the reader should be convinced that several open problems cannot

be explained inside the SM.

1.1 Standard model and open questions

The Standard Model (SM) of Particle Physics is based in Gauge groups, and consists of twelve fermions,
which interact via two fundamental forces mediated by exchange bosons. The fundamental fermions
consist of six quarks and six leptons [3], with different electrical charges: +£2/3 or +1/3 charges for
the quarks, and £1 for the charged leptons. Bosons have integer spin, while elementary fermions
have a spin of half a unit'. The mediators consist of eight gluons for the strong interaction and
photons, and W, Z° for the electroweak interaction. Lastly, the Higgs field introduces the Higgs
boson of charge and spin-zero and provides the mechanism from which the bosons Z, W¥ and the
charged fermions acquire mass. While the Higgs mechanism breaks the weak isospin symmetry of
the electroweak interaction, part of the gauge field remains unaffected, which translates into mass-
less photons. When assembling all these components, the theory hasa SU(3)¢ x SU(2)r x U(1)y
gauge structure, where SU (3)¢ is the group of strong interactions, and SU(2) 1, x U(1)y represents

"We will use now natural units unless stated otherwise.

12
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the electroweak interactions, where SU (2), are gauge transformations applied only to left-handed
particles.

Although the SM successfully predicted phenomena that were time after time corroborated by exper-
imental data, there are some open questions that it does not address. We will set aside the questions
about the naturalness of the theory, which inquire about the origin from first principles for the 19 pa-
rameters of the model [4], the Higgs mass correction terms [5], or the anomalous magnetic moment
of the muon [6, 7]. We will focus, instead, on three open questions: charge conjugation parity (CP)
violating processes, the overwhelming evidence of dark matter in the universe, and lastly, neutrino

flavour oscillation and, consequently, neutrino mass.

1.2 Charge-parity violation and axions

CP-symmetry refers to the invariance of equations in particle physics when exchanging the particle
for its antiparticle (charge conjugation operator, C) and mirroring the spatial coordinates (parity, P-
operator). P-symmetry (parity symmetry) has been considered a fundamentally conserved quantity,
along with energy and momentum. The discovery of K-meson decays to either two or three 7-mesons
in the 1950s pointed toward a possible P-violation, since the final CP state could be P = 1, for 2 7-
mesons, or P =-1 with 3 m-mesons, making the final state of the decay not an eigenstate of the CP
operator [8]. When the two decay modes of the K-meson were discovered, the community started
to design experiments that could test P-conservation in weak interactions [9].

The proposed idea to test parity violation in [3-decays was by measuring the angular distribution of
the electrons coming from the (3-decays of polarised nuclei. The reasoning was the following: if the
pseudoscalar term ((o - p)), which is the expectation value, where o is the spin of the nucleus and p
is the momentum of the electron, changes sign under space inversion, then there is a CP violation.
Therefore, the distribution of the electrons emitted from a polarized nucleus is asymmetrical, and the

term ((o - p)) # 0. In mathematical terms:
(o p) = [dro 0o plut. (1)
If parity invariance is valid, then a P-operation gives:
Py(r) = v(~(r) = £0(), (12

and the expected value must be zero if parity invariance is valid. The experiments of C. S. Wu, where

she studied the decay of %°Co, demonstrated an asymmetry in the 3-emission, as shown in Figure
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Figure 1.1: Results of the B asymmetry and «y anisotropy from polarized °Co experiment. The
counting rate of the directional counters (a) and (b) in the top plot, indicates an asymmetry in the
emission of electrons from the polarized nucleus. The middle plot indicates the anisotropy term vy,
where values greater than zero indicates asymmetry in the direction emission of the electrons. Figure

from Ref. [10].

The discovery of the parity violation in weak interactions posed the following problem: Why is CP

conserved with such a high level of precision in strong interactions? Quantum Chromodynamics

(QCD) introduces in the Lagrangian a CP-violating term that arises due to its complex structure in

vacuum, given as

9 ~
Lo = mFﬁyF(l#V’

(1.3)
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where 0 is a QCD phase and F}j, and Fai are gluon related tensor and its dual. The CP-violating
term in QCD could produce a electric dipolar moment (EDM) of the neutron d,,[11],

dp ~ 2.9 x 107170 [e cm] + 0.32d; — 0.08d,, + e (+0.12Jd —0.12d, — 0.006615) , (1.4)

where d; and Jq are the EDM and chromoelectric dipole moments of quarks, respectively. However,
current values constrain are (0.0 & 1.1) x 10726 ¢ - cm [12], meaning that CP is a highly conserved
value in strong interactions. Why QCD seems to preserve CP is called the strong CP problem.
Peccei and Quinn [13, 14] showed that the problem could be solved by the introduction of a global
U(1)pg symmetry, by adding the field a

a 1 a ﬁa,uv +

Lo=—
O f 3ap2 3272

Fo Fom, (1.5)

with f, a decay scale term. Performing the transformation U(1)pg : @ — a — f,0 allows to ab-
sorb the CP-violating phase 0 term in QCD in a single coupled field, and the CP-violating term
disappears. Weinberg and Wilczek [15, 16] showed that the spontaneous symmetry breaking of the
Peccei-Quinn-symmetry leads to the existence of a neutral spin-zero pseudoscalar particle (Nambu-
Goldstone boson) with a non-zero mass. Weinberg and Wilczek proposed the simplest realization
of the Peccei-Quinn solution, where the decay term f, is proportional to the electroweak scale. A
Nambu-Goldstone boson of the Peccei-Quinn symmetry has a mass and an interaction strength that
is given in terms of 7Y, scaled with fr / fo where fr = 92MeV is the pion decay constant and f,, is

a constant related to the axion mass,

MMy 1 1012GeV)
o= ~——Mpfr—<6pueV | —|. 1.6
" mu“‘mdm f fa He ( fa ( )

Axions can interact with photons, electrons and nucleons with couplings gayy, gae and gqn, respec-
tively. These couplings are constrained by several accelerator and astrophysical measurements, and
the original solution from Weinberg and Wilczek is excluded [17, 18]. Nonetheless, models for ‘in-
visible’ axions remain viable, and two well-motivated models are the hadronic axion from the Kim-
Shifman-Vainshtein-Zakharov (KSVZ) [19, 20] and Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) mod-
els [21, 22]. The interactions of axions (a) with photons through the coupling g4y can be written in

terms of the electric E and magnetic B fields [23]

Loy = —Gayy o E - B, (1.7)
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where the coupling g4, can be written as

o E
=—[—=-=1.92]). .
Y o (N 9> 0

The coefficients E and /N are from model-dependent electromagnetic and QCD anomalies, and o is
the fine structure constant. The KSVZ model assumes E/N = 0, while the DFSZ model assumes
E/N = 8/3. These two models are commonly used as benchmarks in searches due to their simplicity.
Additionally, in the KSVZ model, the axion does not interact with leptons and ordinary quarks at
the tree level, which results in a suppression of g,.. An axion-like-particle (ALP) could also interact
with other particles similarly to axions, but their mass m, is not constrained by the scale parameter

fa. Invisible axions could be a candidate for dark matter, as it will be seen in the next section.

1.3 Dark matter

An overwhelming number of observations in the universe indicate the existence of an invisible form
of matter that can be detected due to its gravitational effect. This dark matter (DM) holds the explana-
tion of what keeps galaxies together and is a fundamental participant in the evolution of large-scale
structures in the universe itself. Dark matter candidates that do not couple to photons, have neutral
charge, ‘weakly’ interact with other particles and have a non-zero mass have been proposed [24].
We proceed by listing a selection of the available evidence of its existence and outline how terrestrial

detectors could detect particle DM.

1.3.1 The ACDM model

The ACDM model stands for the Standard Model of cosmology, given cosmological and astrophysical
observations. This model holds the current understanding of the evolution of the universe from hot
a Big Bang, from which the universe has been continuously expanding in an accelerated manner.
This expansion ended up in a universe that is uniform in large scales. The smooth energy density
in the early universe makes adequate the use of hydrodynamics equations to describe its expansion
as a perfect fluid. The expansion rate is related to the energy content of the universe and can be

expressed by the Einstein field equations as [25]

1
R, — §QMVR = —81GT + Aguw, (1.9)
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where R,y is the Ricci tensor, associated with the curvature of the space, R is Ricci scalar, and 7,y
is the energy-momentum tensor, A is the cosmological constant, which accounts for the accelerated
expansion of the universe, G is the Newtonian constant of gravitation, and g,y is the space-time
metric.

The Robertson-Walker metric states that there is a comoving frame where we can write [26]

dr?

2 _ 2 2
ds® = dt —a(t) m

+ a?d0?| . (1.10)
Here, a(t) is a scale factor representing the expansion of the universe, and the spatial part depen-
dent on (r, ) is a set of coordinates that make the space spherically symmetric (homogeneous and
isotropic), and K is a curvature term that arises from the spatial coordinates chosen to represent the
isotropy and homogeneity.

If we insert this metric into Equation 1.9 and write the momentum-energy tensor with terms of

energy density p, we can find the solution given by Friedmann [27]

-\ 2

a 8tGp K A
H*=(-) = - =+=

(a) 3 a2+3

1.11
a A 4nG 1)

b P
- =3 3(p+p),

where the isotopic pressure p, A represents a constant in the universe that drives the continuous
expansion, the energy density p arises when writing the tensor momentum for a perfect fluid: 7}, =
—PGuv + (p+ p)uyu,, where u is the velocity vector for the isotropic fluid in comoving coordinates.
This solution provides insight into how the universe expansion is governed. The scale a(t) governs

the universe expansion. We can split the density of the universe into three parts

(1.12)

where p, stands for the current value of the critical density parameters, p., = 3H3/87G and the
three terms stand for the density of radiation {1y o, matter {257 o and dark energy €2 o present values
in terms of the critical density. Therefore, the scale factor in Equation 1.11 depends on relativistic
(2R,0) and non-relativistic parts (€27,0). These can give us different timescales related to which type
of matter dominated at different times [15]. We have assumed that K = 0, which is the case when
the universe is flat, and which is supported by current measurements [28]. The ACDM model uses

a set of parameters, including the density of baryons and DM, for the prediction of the universe
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evolution.

1.3.2 Cosmic microwave background

The Cosmic Microwave Background (CMB) was discovered by Penzias & Wilson [29]. It is the rem-
nant of an earlier universe, approximately 38 x 10% years old (or around 3000 K) [28, 30]. As the
universe expanded and experienced adiabatic cooling, it transitioned from a hot plasma of ionised
nuclei and free electrons to stable atoms. Without charged particles, the universe became transpar-
ent for freely travelling photons [31]. Photons originating from hotter, denser regions had higher
energy, in contrast with those from cooler, less dense regions, with lower energies. The pattern of
hot and cold fluctuations is embodied in the CMB. The CMB was found to have a very accurate black-
body spectrum, with an average temperature of T = (2.725 & 0.001)K [28, 30]. The CMB is isotropic,
indicating that the universe was mostly homogeneous at the time of the transition. Nonetheless, the
richness of information is contained in the anisotropies of the CMB.
The power spectrum of the CMB temperature anisotropies can be analysed by making a decompo-
sition in spherical harmonics, shown in Figure 1.2. The multipole ! represents large angular scales
when small, and vice-versa. The power spectrum features a series of peaks, where the first peak
corresponds mainly to the density of matter and the third peak to the density of DM. The position of
the first peak of the power spectrum is influenced by the curvature of the universe K. The relative
heights of the odd and even peaks in the power spectrum are affected by a process on which increas-
ing the fraction of baryons in the universe leads higher odd peaks relative to the heights of the even
peaks, called baryon loading. If the density of DM is decreased, the effects of baryon loading are
reduced, as denser regions of DM that pull in baryons and photons by gravitational attraction. By
considering the first three peaks the different effects and break degeneracies between the effects of
baryonic and DM can be disentangled.
The matter density is well constrained by the observations first by WMAP [30] and later by the
Planck collaborations [28]:

Oaih? = 0.1430 + 0.0011, (1.13)

with h The baryonic density only represents a fraction of {y
Qph? = 0.02237 + 0.00015, (1.14)

and leads to conclude that there is a DM component inside the matter density 2y, which is placed
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Figure 1.2: Top: The power spectrum of the cosmic microwave background radiation temperature
anisotropy in terms of the angular scale (or multipole moment), where the first peak corresponds
mainly to the density of matter and the third peak to the density of DM. Bottom: Residuals from the
fit of Planck results from 2015. From Ref. [32].

at
Qch? = 0.1200 £ 0.0012. (1.15)

This value constitutes approximately 85% of the matter content contained in the universe (27% of the

total mass-energy). The densities are given in terms of the reduced Hubble constant
h = H/(100 km sflMpcfl) ) (1.16)

1.3.3 Evidence for dark matter in galaxy clusters

One of the primary pieces of evidence of DM existence and total matter distribution is gravitational
lensing, which refers to the bending of light due to the curvature of space-time produced by massive

bodies [33]. Weak lensing uses the subtle gravitational lensing effects of many galaxies to infer
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statistically the large-scale matter distribution in the universe. The measurement is based on small,
per cent-level 'shears’ or distortions of galaxy shapes due to lensing and conventional weak lensing
analysis involves calculating the N-point statistics of the shear field. The weak lensing effect also
introduces distortions in the observed cosmic microwave background (CMB) maps [34]. One of the
most known images of gravitational lensing due to DM was captured by the Chandra Observatory,
where the collision of two large clusters of galaxies was observed, shown in Figure 1.3 and known
as the Bullet Cluster. From the gravitational lensing observed in the background of the image, the
density of mass in the clusters can be inferred. Most of the mass cannot be observed from the detected
light, and its in the form of DM, coloured as blue in the image. The hot gas, made of normal matter in
the cluster and coloured in the image as pink, is slowed down in the collision due to the interaction
with other particles. The smaller sub-cluster acquires a ‘bullet’ shape in the collision. The DM part do
not interact with itself or other particles and in consequence, is not slowed down in the collision. It
effects are only seen by the gravitational interaction, and in contrast with the hot gas, its distribution

remains unchanged due to the absence of interactions.

1.3.4 Coma cluster evidence

From an astrophysical point of view, the hints of DM comes from our galactic neighborhood. In
the early 1930s, the Fritz Zwicky estimated the total mass of large structures, particularly from the
Comma Cluster. From the calculation of the virial theorem and measured the variance of peculiar
velocities of the visible matter via redshift, information about the mass in the cluster can be inferred.

The virial formula for the M can be written as

_ 2(?)
M= Gl (1.17)

This equation only applies to regular cluster of galaxies, where a statistical equilibrium is reached.
Following the assumption of statistical equilibrium, the RMS velocity dispersion is expected to be
equal to the velocity dispersion of the visible galaxies in the cluster. This can be measured from
the spread of the Doppler shifts, via the X-ray spectrum of the gas. Zwicky found large velocity
dispersions, indicating that the cluster density was much higher than the one derived from luminous

matter alone.
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Figure 1.3: Collision of two large clusters of galaxies, as observed by NASA Chandra X-ray Observa-
tory. The hot gas contains most of the normal matter in the cluster. Most of the mass in the cluster,
shown in blue, is measured by gravitational lensing from the distortion of background images by
mass in the clusters, and is dominated by DM. During the collision, the hot gas in each cluster is
slowed and distorted by a drag force. A bullet-shaped cloud of gas forms in one of the clusters. In
contrast, the DM shows no distortion from the impact as it cannot interact directly with itself or the
gas except through gravity. Therefore, the DM parts from the two clusters can continue, ahead from
the hot gas clouds, and produce the separation of the two species as observed in the image. Credit:
X-ray: NASA/CXC/CfA.

1.3.5 Rotational curves in spiral galaxies

The circular velocity of an object within a spiral galaxy v. can be related to its radial distance from

the Galactic Centre by Newtonian mechanics as [35]

=, (1.18)

where 7 is the radial distance of that object to the galaxy centre. This equation, valid for a perfectly
symmetric distribution of matter, where the velocity should vary with the radius. Taking M () equal
to the mass in the centre of the galaxy as M(r) oc 73 (spherical distribution), it follows from this
assumption that v.(r) is proportional to r in a central region of the galaxy. From an outer region, one

can confine the total mass M., in an inner core where the density remains constant, the velocity
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should fall as
GMtotal

r

ve(r) = (1.19)

Therefore, v, should increase as r near the centre of the galaxy and vary as v. o< 7~ /2 in the outer
regions. It was observed that the rotational curves from galaxies become flat as the radius increases,
as shown in Figure 1.4. The measured rotational curves for galaxies differed from the theoretical

expectation [36].
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Figure 1.4: Rotational velocities for seven galaxies as a function of distance from the nucleus [36].
In the flat region, v, depends on the mass of the spiral galaxy. The total mass corresponding to these

curves is a few times the mass of the visible stars, and a massive galaxy is expected to emit more

light. From rotation curves, the DM mass density distribution is inferred to scale as [37]

M 1
o M) 1 (1.20)
which implies that the DM is distributed in a spherically symmetric halo around the centre of the
galaxy, in contrast to baryons which are concentrated in the disk. The concentration of baryons in
the disk is due to the interaction between baryons, allowing them to dissipate energy and collapse
into a disk. The self-interaction of DM is highly constrained by the energy density calculated from

cosmological observations, and without a mechanism to radiate energy, the gravitational collapse of
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DM into compact objects is suppressed.

1.3.6 Particle candidates to dark matter

Together, the observations mentioned above provide overwhelming evidence for DM in the universe.
Within the context of ACDM, the galaxies are formed within the DM halos. These halos are the re-
sult of a sequence of lower mass halo mergers, with a smooth accretion onto the halo. Therefore,
DM acts as a regulator for the formation of large-scale structures, and its identity is one of the most
important missing pieces in the cosmological, astrophysical and Particle Physics puzzles. The po-
tential candidate to explain these observations has to be appropriately motivated by cosmology and
particle physics models. Moreover, no SM particle can be a good candidate for DM, and the evidence

for DM requires a Beyond Standard Model (BSM) explanation [38].

Some model-independent general statements can be derived about the nature of this particle. For
example, a DM particle candidate to explain these phenomena must be either a boson or a fermion.
Assuming a DM particle that is a scalar boson and using the fact that DM forms halos, there is no
limit on the number of bosons that can be packed in the halo, as bosons can occupy a single volume
in the phase space without restrictions. Therefore, the stability of the halo is set by the uncertainty
principle. Considering a halo of radius R}, and a DM particle of mass m, and velocity v, the
uncertainty principle is AzAp ~ 1, where Ap ~ m,v and Az ~ 2R},,. The halos surrounding

dwarf galaxies provide the lowest bounds [39]
Megcalar = 107226\/7

with Mgealar the mass of the scalar boson.
In the case the particle is a fermion, the Pauli exclusion limit sets a limit to the occupation of each

volume of phase space,
Mhalo = Mferm V / f(p)dgp 5 Mferm |4 / dsp ~ Mferm R}31a10 (mferm U)g )

where V = %ﬂ'RS is the volume of a spherical halo of radius R, f(p) is the phase-space distribution,
Mgerm 1S the mass of the fermionic particle, and < arises from the maximum in an average of one

fermionic particle per unit cell. The phase space of dwarf galaxies set [40]

Meerm > 0.7 keV.
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These restrictions can be improved by observing the DM density in the early universe: Initially, the
early universe was hot and dense, and all particles were in thermal equilibrium. The annihilation
and creation of DM particles was equally in equilibrium (i.e xxy = XX, where X is a SM particle
and x a DM particle) [41]. As the universe expanded, the probability of a DM particle finding a
DM antiparticle to annihilate decreased until this reaction stopped, and the DM density remained
constant in time. When this ‘freeze-out’ occurred, the DM particle could have either relativistic or
non-relativistic velocities, referred to as hot or cold DM, respectively. This difference has conse-
quences in the formation of structures in the universe, as the hot DM cannot form clusters without
cooling down to non-relativistic velocities. Current observations favour the cold DM (CDM) hypoth-

esis, given the evolution of the universe and the formation of structures [42].

The WIMP miracle

In the case of CDM, the Boltzmann equation provides a way to calculate quantitatively the evolution
of the number density given the annihilation process before the freeze-out of a particle in thermal

equilibrium in the primordial plasma

Moy 3Hny = — (o) (02— (059)) (121

where the DM number density n, decreases with the expansion of the universe and H is the ex-
pansion rate of the universe. The term (o 4v) represents the thermally averaged cross section for
the annihilation, and n;? indicates the number density in the equilibrium of the annihilation pro-
cess. The thermal relic density can be determined by solving numerically Equation 1.21. However, a
simple approximation can be obtained. Defining the freeze-out at time Ty when n, (04v) = H,

T2

s~ (myTp)¥? exp(—my /Tf) ~ W (1.22)

where the subscripts f denote the quantities at the freeze-out, Mp; = 4/ % is the Planck mass, and

m, is the DM particle mass. The thermal relic density can then be written as

2
Qy = 0 = mXTgig ~ mXTgn*J; ~ il (0av) ™t ~ 0.1 (0'01> ( T )2,
Pe pe Tj Pe Tf pcMpy & 100GeV
(1.23)

where p, is the critical density and the subscript 0 denotes the present day quantities, and o2/ mi ~

(04v). Assuming a weakly interacting DM particle with « ~ 0.01 and mass m,, = 100 GeV gives
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the correct abundance measured by Planck and WMAP collaborations. The finding that a weak-scale
(c ~ G%T?, with G the Fermi constant) DM particle (or Weakly Interacting Massive Particles,
WIMPs) can reconstruct the observed energy density is known as The WIMP miracle. WIMPs have
been the dominating paradigm in DM detection and are well motivated by supersymmetry theories
such as Minimal Supersymmetric Standard Model (MSSM) [43], Phenomenological Minimal Super-
symmetric Models (pMSSM) [44] or pseudo-Goldstone Boson DM models [45]. More details on the
WIMP paradigm can be found in Refs. [46, 47]. The mass range for a WIMP is typically taken from
O (2 GeV/c?) to O (100 TeV /c?) [38].

Axions

Axions could make up the DM content or part of it [48]. The favoured region of axion mass parameter
space, given the production mechanism that would recreate the relic density in which axions may
be all of the DM, can be taken as 1 peV < my, < 100 peV [43].

~

1.3.7 Dark matter searches

The detection of DM is divided into three categories that are complementary to each other:

« Production: The particle is created through the high-energy collisions of particles in accel-
erators, such as the LHC. The DM particle escapes the detector, and the observables are the
missing energy and momentum in the collision. The DM particle mass must be smaller than
the centre of mass energy for particle creation. The search for the production of DM particles

in the LHC is extensively documented in literature [49, 50, 51, 52].

+ Indirect: The detection is aimed at the products of the DM particle-antiparticle annihilation,
such as y-rays, neutrinos or positrons. The annihilation rate depends on the density of both
particle species unless the DM particle is its own antiparticle, and stronger signals are expected
in high-density regions, such as the Galactic Centre. Reviews on results from indirect searches

can be found in Refs. [53, 54].

« Direct: The detection is aimed at the interaction of the flux of DM particles that traverse the
Earth with detectors. The interaction can occur in the form of scattering with an SM particle
or the interaction with electromagnetic fields. The first is used to search for WIMP and axions,

while the latter is used to detect axions, and both will be discussed in the following sections.
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Dark matter flux on Earth and scattering with targets

Direct detection relies on the flux of DM particles reaching Farth and interacting with detectors. The
terrestrial flux of DM particles bounded to the galactic halo is called galactic DM. The flux depends
on the local DM density, which determines the number of particles, and velocity distribution, which
determines the energy available in the interaction. The DM velocity with respect to the Galactic
Centre is assumed is assumed to follow a Maxwellian distribution f(v,t) in all directions®. The
upper limit of this distribution is given by the galactic escape velocity, vpmax. The spherical symmetry
of the DM particle velocity distribution is broken for the observed lab-frame distribution on Earth.
This flux is sometimes called the “WIMP wind’ [55].

The expected scattering rate of DM particles of mass m, with the nucleus of a target material, given

the motion of Earth in the Galaxy is

dR IOX /'Umax 3 - do_
-— = d t)—— 1.24
T = vofv, )7 (120

Umin

do
> dER

is the differential cross section, vy, is the escape velocity, vy, the minimum velocity required to

where f (v, t) is the velocity distribution of the DM particles with velocity v in the lab frame

produce a scatter with the nuclei of mass my with a cross section . The local DM density p, was
measured as 0.3 GeV /cm3 [56, 57] and v,y is taken as 544 km /s [58] in the galactic rest frame. The

minimum velocity to produce a recoil is given by

Umin = V mNE/(2:u2)a (1.25)

where p1 = m,my/(m, + mpy) is the DM particle-nucleus reduced mass. The scatter of the DM

particle will produce a recoil of energy [59]

dmpym
Er=FE,———X _¢0s*(0R), 1.26
R X (mN + mx)Q ( R) ( )
where F, is the kinetic energy of the DM particle, m,, its mass, my the mass of the recoiling nucleus
and 0 is the angle of the nuclear recoil relative to the direction given by the DM particle. As an
example, the kinetic energy of an incident DM particle with a mass of 100 GeV is 10 keV, which is

much smaller than the nuclear binding energy of an atomic target (in the MeV scale). The scatter can

be considered with the nucleus coherently, neglecting its constituents.

’If they are in thermodynamic equilibrium.
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For WIMP particle, the differential cross section can be written as

do do do my )
i~ \aEn ) = (s F s 127
dEg (dER)SI * (dER>SD 2207 (os1F*(q) +0spS(q)), (1.27)

where F2(q) (0s7) and S(q) (0sp) are the spin-independent (SI) and spin-dependent (SD) form fac-

tors (cross sections), respectively. The spin-independent term for the cross section is given by
~ e A ?
ogr = ;N (ZFp+ (A—2)Fn)*, (1.28)

where Z and A are the atomic and atomic mass numbers, and Fp and F are the couplings to
protons and neutrons, respectively. It is clear from this expression that increasing cross sections can
be find for heavier atoms. When considering only the spin-dependent cross section and assuming
independent scattering with protons or neutrons, the total differential cross section can be written
as [60]

dosp ERr 4w

= Sp (E 1.29
ABn ~ upiizg +1°F (Er)ops (1.29)

where the subscript P stands for protons, Sp is a structure function and o p is the cross section of the
scattering with a single nucleon. An identical expression can be found with the assumption that the
scattering with protons is equal to the scattering with neutrons. Direct detection measurements are
located in underground laboratories to shield from the constant flux of cosmic particles. Many types
of direct search detectors exist using diverse materials and methods to reject backgrounds. The en-
ergy transfer to the nucleus recoil can be detected as heat, scintillation, and charge, depending on the
target. For example, as experiments that searched using scintillators we can list DAMA/LIBRA [61],
DEAP-3600 [62], XMASS [63]. Current experiments are COSINE [64] and ANAIS [65]. The experi-
ments searching the generated charge by the recoil are DAMIC [66], SENSEI [67], PICO [68]. Another
set of experiments search in both heat and charge, such as SuperCDMS [69], or heat and light, such
as CRESST [70]. Noble liquid dual-phase TPCs aim to detect DM using light and charge signals, and

these will be treated in this work.

Noble liquids

For spin-independent couplings, the expected rate of WIMP scattering with target atoms increases
by the square of the atomic mass due to the coherent summation over all the scattering centres in
the nucleus. Consequently, this process is enhanced on heavy target nuclei and more pronounced

when WIMP mass is comparable to the atomic mass of the target nuclei, as shown in Figure 1.5.
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Figure 1.5: Differential rate versus nuclear recoil energy for 10 GeV and 1000 GeV WIMP masses

assuming a spin-independent WIMP-nucleon cross section of 10~4% cm?, shown for xenon (blue),

germanium (purple), argon (green), silicon (brown) and neon (orange) target. Figure adapted from
Ref. [71].

Noble liquids such as Xe and Ar are excellent scintillators [72], which make them very attractive
target materials in astroparticle and neutrino physics. Liquid argon (LAr) and liquid Xenon (LXe)
provide both a high light yield and an ionisation potential [73, 74], and they are an example of target
materials that can be used to detect both charge and scintillation. These target materials are used in
Time Projection Chambers (TPCs), where the interaction of an incident particle produces scintilla-
tion and ionisation-proportional scintillation, which are detected by photomultipliers (PMTs) [75].
The high density of LXe and atomic number mean that gamma rays have a short interaction length,
and LXe acts as a self-shield for external radiation. The previous LXe experiments XENON1T [76],
LUX [77], PandaX-4T [78], and the LAr TPCs DarkSide-50 [79] and DEAP-3600 [62] placed the most

stringent limits in the SI and SD WIMP-nucleon couplings at different mass scales (mainly from
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1-1000 GeV). These exclusion limits are based on the lack of signals assigned to a WIMP or WIMP-
like particle. The next generation experiments, XENONNT [80] and LZ [81] are currently acquiring

data and aim to improve the current limits further.

Considering the ever-improving sensitivity of DM direct searches over the last decades, it will be-
come unavoidable to measure not only possible WIMP interactions with the target material but also
the neutrino flux from several astrophysical sources [82]. The coherent elastic neutrino-nucleus
scattering (CEVNS) was observed by the COHERENT experiment [83]. The implication for LXe
TPCs is that astrophysical neutrinos, particularly solar 8B neutrinos, interacting coherently with
the xenon nucleus will be observed. At this stage, a DM particle and an astrophysical neutrino
would leave similar signatures in the detector. The rate of this process in LXe is covered in the
Refs.[84, 85, 86, 87, 82, 88, 89, 90]. Recent works [89, 90] have emphasised that these neutrino back-
grounds do not impose a hard limit on physics reach by running statistical analyses and deriving a
discovery limit for WIMPs in different regions of the parameter space.

The DARWIN (DARk matter WImp search with liquid xenoN) observatory will be a next-generation
detector containing 50 tonnes (40 tonnes active) of xenon for DM searches, aiming to reach the
neutrino region in the Spin-Independent WIMP parameter space but also with a very broad neutrino
and rare interaction program [91]. Figure 1.6 shows the exclusion limits in the SI WIMP-nucleon
cross section given by past and current detectors, as well as the projected median sensitivity of the
DARWIN experiment.

DARWIN will also be sensitive to signals from axions produced in the Sun when blackbody photons
are converted to axions due to the presence of strong electromagnetic fields in the plasma [98]. This
process is called the Primakoff effect, and the expected flux from this production channel is referred
to as the Primakoff flux. Similarly, axions may be produced from their coupling to electrons and
nucleons. These axions are called solar axions, and will be treated later in this work in Chapter 4

when estimating the sensitivity of DARWIN.

1.4 Solar and galactic axions

Axions may be produced in the interior of starts, and their production provides another mechanism
for stars to lose energy, leading to potentially observable modifications in the properties of stars
or stellar populations. Two particular sensitive observables are the stars in the Horizontal Branch
(HB) and Red-Giant Branch (RGB), which provide strict constraints on the coupling parameters [99].
The energy loss during the RGB phase leads to a larger core mass in simulations [100, 101]. To
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Figure 1.6: Spin-independent WIMP-nucleon scattering results: Existing upper limits from the
CRESST-II [92], DAMIC [66], NEWS-G[93], CDMSLite [94] SuperCDMS [69], PandaX-4T [78],
DarkSide-50 [79], XENON100 [80], DEAP3600[62], LUX [95], XENONI1T [76], and the projections
for DARWIN [91] and neutrino coherent scattering [96]. Figure from Ref. [97].

quantify the cooling of stars, the R-parameter is used, taken as R = Nyp/Ngrgp, which compares
the numbers of stars in the HB, Nyp, to the number of stars in the upper portion of the RGB, Nggs,
which results on a favoured region in the parameter space in the couplings of axions to photons and
electrons. Moreover, if axions decay by a — 2y, the lifetime drops below the age of the universe for
mg 2 20 eV [102].

Solar axions could be detected in LXe TPCs by signals that arise in the detector from the induced
recoil, which will be covered in more detail in the following chapters. The recoil of a hypothetical
axion with the LXe target is via the interaction of axions with atoms, and it can be used to place
limits in the g, and g,y, couplings. Moreover, the excess reported by XENONI1T in 2020 [103]
could be explained by solar axions. The future experiments LZ [104], XENONnT [104] and PandaX-
4T [78] aim to probe further the region with the reported excess and confirm or exclude a signal.
Figure 1.7 shows the limits in the axion coupling to electrons, g,., from underground detectors and
astrophysical sources. The region inside the orange band is usually referred as QCD axions, where
the scale parameter f is related to the axion mass. Outside this region, solar axions are referred as
ALPs and their mass is unconstrained by the scale parameter, but do not provide a solution for the
CP-strong problem. Underground detectors, particularly LXe TPCs, provide a complimentary direct

detection to the astrophysical bounds.
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Figure 1.7: Limits in the axion coupling to electrons from XENON100 [105], EDELWEISS [106],
XENONI1T [103], LUX [107], and XMASS [108]. The figure contains as well limits from indirect
constraint from the solar neutrino flux [109] and experimental constraints from solid state experi-
ments [110, 111, 112]. Also shown in the figure is the constraint from a model that includes a ‘stellar
basin’ of gravitationally bound axions [113]. Figure from Ref. [104].

Solar axions could be detected in a very different type of detector, called helioscopes. Helioscopes
aim to detect the back-conversion of axions to X-ray photons using a powerful transverse magnetic
field [114]. An example of this detector is the CERN Axion Solar Telescope (CAST), which placed
strong limits in the g,y, < 8.8 x 107! GeV ! coupling for masses below m, < 0.02 keV [115].
In the future, the IAXO experiment has been proposed to improve the sensitivity toward lower cou-
plings in a larger mass range [116].

For the detection of galactic axions (i.e. axions from the DM in the galactic halo), haloscopes have
been proposed and built, with the advantage of detecting lower axion masses [98], as the mass range
for DM axions is 1 peV. < m, < 100 peV, mentioned in previous sections. Haloscopes typically
use a resonant microwave cavity in the centre of a strong solenoid magnet. The axion can convert
its rest mass to a photon in the presence of a static magnetic field. This process can be enhanced by

tuning the resonant frequency of the cavity and matching the mass of the axion. Example of this
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type of detector are ADMX [117], ABRA [118], and SHAFT [119]. Limits on the coupling of DM

axions to photons from haloscopes, helioscopes, and astrophysical sources are shown in Figure 1.8.
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Figure 1.8: Limits in the axion coupling to photons from CAST [115], and haloscopes: ADMX [117],
ABRA [118], SHAFT [119], Telescopes [120], and light-shining-through-walls [121, 122, 123]. Plot-
ting scripts and data available in Ref. [124].

1.5 Massive neutrinos and neutrinoless double beta decay

LXe DM detectors, like the ones described above, can search for neutrino signals due to their low
backgrounds. The neutrino induced signals in the TPC can provide information about their prop-
erties, such as the mass generation mechanism. Given the natural abundance of '3%Xe in xenon,
it is possible to look for the neutrinoless double beta decay (0vB ) of *6Xe in LXe TPCs such as
XENONIT [125], and in the future, XENONnT [125] and DARWIN [126]. The calculation of the
sensitivity for DARWIN is part of this work.
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1.5.1 Neutrino oscillations and mass mechanism

In the SM, neutrinos are fermions that do not have strong or electromagnetic interactions. In the SM,
the masses of the fermions are generated via Yukawa couplings to the Higgs boson, with a fermion
right-handed and left-handed component. Nevertheless, no right-handed neutrinos were observed
so far [127], and the Yukawa interaction term cannot be constructed. Therefore, inside the SM, the
neutrinos are massless. Pontecorvo proposed in 1957 a mechanism in which neutrinos would oscil-
late to antineutrinos, and later Maki, Nakagawa and Sakata proposed the neutrino flavour mixing
and flavour oscillations [128, 129]. The flavour oscillation of neutrinos implies that they have mass
and that the SM is incomplete.

Davis, Harmer and Hoffman were the first to observe a deficit from the expected flux of neutrinos
coming from the Sun [130]. The Kamiokande experiment made the first directional counting obser-
vation and confirmed the deficit [131], later joined by SAGE [132] and GALLEX [133], validating
what is known now as the ‘solar neutrino problem’. In 1998, the Super-Kamiokande experiment
observed oscillations in atmospheric neutrinos and provided the first evidence of neutrino oscilla-
tion [134]. Both searches were performed by looking for charge-current inverse beta decay interac-
tions. Shortly after, in 2002, the SNO experiment observed neutral current neutrino-nucleon inter-
actions from solar neutrinos, along with charged current neutrino-nucleon interactions and elastic
scatters on electrons, providing further evidence that neutrino oscillations were the cause of the so-
lar neutrino problem [135]. The mechanism of neutrino oscillation is described by assuming that
the weak eigenstate of neutrinos, v are produced by a linear combination of the mass eigenstates

v; [136] .
Vo) = > Ugi Vi), (1.30)
=1

where 7 is the number of light neutrino species, and U is the Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) mixing matrix, given by

c12€13 512€13 s1ze”"
_ i 6
U= | —si12c23 — c12513523€"°  cC12c23 — S12513523€" C13523 (1.31)
i i
512823 — C12513C23€"°  —C12523 — $12513C23€"°  C13C23

where ¢;; = cos §;; and s;; = sin 65, 6;; € [0, 7/2] and the phase § accounts for CP-violation.
We can reduce the problem in order to obtain a simplified probability of the neutrino oscillating in

flavour. We consider a ultra-relativistic neutrino of mass and momentum m; and p;, respectively.
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The energy E; can be written as

2 2

m; m;
E;, =4/ 2 4 2 ~ 4+ 4 ~p4+ —X. 1.32
7 b m7, p 9 b 29E ( )

By considering only two flavours e, i, in which the U mixing matrix is 2 X 2, we can write the

probability of transition from v, flavour to v, after covering a distance L, as [137]

L
P (Ve = v,; L) = sin? 26 sin? <7r z ) : (1.33)
osc

Here, 6 stands for the mixing angles in the 2 X 2 matrix, and

irE 5 48 E(MeV) 948 km E(GeV)

lose = Am?2 Am?2 (eVz) Am? (eVz) ’

(1.34)
where Am? = m3 — m? and E is the neutrino energy.

In the case of three neutrino mixing, there are two independent mass-squared differences. From the
analysis of experimental data, it follows that one mass-squared difference is about 30 times smaller
than the other one [138]. The small solar and large atmospheric mass-squared differences are referred
to by the origins of the neutrino species in which they can be observed experimentally. They are
denoted by Am¥% and Am?, respectively.

The solar and atmospheric mass-squared differences are given by
Am?g = Am%Q, (1.35)

Am? = Am3y, (1.36)

2

respectively, assuming the definition Am?, = m? — m3. From measurements of the energy depen-

dence of the oscillation probability for different solar neutrino species it follows that [139]
Am2, > 0. (1.37)

For the mass of the third neutrino m3 there are two possibilities:

1. Normal ordering (NO)
m3 > mg > mg (1.38)

2. Inverted ordering (IO)
meo > M1 > ms. (1.39)
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The atmospheric mass-squared difference Am? can be determined as follows
Am?% = Ami; (NO), Am? = |Am?,| (10). (1.40)
In NO case for the neutrino masses my and ms3 we obviously have

mo = \/m? + Am%, ms = \/m% + Am% + Am?. (1.41)

In the case of IO we find

my =\/mj+Am?%, mg= \/m§ + Am? + Am?,. (1.42)

Values of Am% and Am?, the § CP phase, and the neutrino mixing angles are shown in Table 1.1.

Table 1.1: Values of neutrino oscillation parameters, obtained from the global fit of the data from
Ref. [140].

Parameter Normal Ordering Inverted Ordering

sin? 09 0.31070:915 0.31070073

sin? fa3 0.58210-0%0 0.58270 012

sin? 013 0.022401 30505 0.022631 00005

§/m 1.201033 1.54 +0.13

Am?, (7.397035) x 1075 eV? (7.3970:35) x 107° eV?
Am?, (2.52570:033) x 1073 V2 (—2.51270:034) » 1073 V2

1.5.2 Mass generation mechanism for neutrinos

The reconstruction of mass terms in the Lagrangian requires adjusting the SM. By extending the SM

with m number of right-handed ‘sterile’ neutrinos vs, we can build two types of mass terms [141]
_ 1 _ e
— Ly, = MDijVsiVLj + iMNijVsiVsj + h.c., (1.43)

with v¢ a neutrino charge conjugated field (charge conjugation operator C), vy, are left-handed
neutrinos, M p a complex matrix of dimension m x 3 and My a symmetric m X m matrix. Similar
to the charged fermions, the first term in Equation 1.43 comes from the spontaneous electroweak

symmetry breaking from Yukawa interactions, and it is called the Dirac mass term. Including this
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term in the neutrino minimal standard model (vMSM) implies that the Yukawa coupling related to
the neutrino mass term has to be ten orders of magnitude smaller than the ones from quarks and
charged leptons. The second term is called a Majorana mass term and as opposed to the Dirac term,
involves two neutrinos fields, breaking the lepton number conservation by two units [142]. Both
terms can contribute to the mass generation, and they appear summed in the Lagrangian. One can

rewrite Equation 1.43 as

1 =i S 0 Mg \_;L = N
—Lar, =5 (vi,vs> P )+ he =M+ e, (1.44)
D N v

S

where the matrix M, is complex and symmetric, and V = (¥, v¢)” is a (3+m)-dimensional vector.

By diagonalising M, with a unitary matrix V¥ of dimension (3 + m), one obtains
(V)T M, VY = diag (my,ma, ..., m31m) . (1.45)

The weak eigenstates can be then expressed in term of 3 4+ m mass eigenstates, Vigaes = (V)1V.

Equation 1.44 can be written as

3+m
L _ 1 e . c
—A~My = 9 mg (Vmass ngmass K + Vmass k& Vmass ,k)
k=1
1 3+m
=3 E MEYMEY Mk,
k=1

(1.46)

where
C

VMk = Vmass,k T Vrcnass k= (VVTV>I€ + (VWT{/‘)]C (1.47)

When a charge conjugation operator is applied to Equation 1.47, one obtains vy; = V¢, which is
necessary for the mass production mechanism to work, and it is referred to as the Majorana condition.
The Majorana condition can be described as only one field for both neutrino and antineutrino states,
unlike the case where two different fields describe particle and antiparticle. In summary, it is de-
scribed by a two-component spinor, unlike charged Dirac particles, represented by four-component
spinors. If v; are Majorana particles, the mixing matrix is characterized by three angles and three
phases and has the form

oM =U sM(«), (1.48)
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where

e/ 0 0
SM (o) = 0 /2 o |, (1.49)
0 0 1

with U the PMNS matrix and o; and s the unknown Majorana phases.
If one imposes M = 0 in Equation 1.43, only the Dirac component is allowed. This scenario would
not explain why neutrinos are much lighter than the charged fermions, as they would acquire mass

with the same mechanism.

Shedding light on the mass generation mechanism with neutrinoless double beta decay

Certain even-even nuclei (Z, A) can transform into lighter stable nuclei by the conversion of two
neutrons into protons under the emission of two electrons and two electron anti-neutrinos, a double

beta (2v{33) decay, in which the nuclear charge changes by two units,
(Z,A) 5 (Z+2,A)+2¢ +2V,. (1.50)

This process is possible when the binding energy of the final nucleus has a higher binding energy
that undergoing a simple 3-decay [143]. The half-life in the case of a two neutrino double beta decay

can be factorised to

-1
[Tf/vz] = Gav | Moy [?, (1.51)

where G2y is a phase space factor and Ms,, the nuclear matrix element. Since its prediction by Maria
GoOppert-Mayer in 1935 [144], the probability of this process is known to be small, as it implies a
second-order weak transition. Goppert-Mayer estimated a half-life of ~ 1 x 10'7y for the decay
with the emission of two electrons and two antineutrinos carrying 10 MeV in total. Later in the 20th
century, several experiments observed this process. A selection of measured half-lives is given in
Table 1.2.

If neutrinos are their own antiparticles, the lepton number that is an accidental symmetry in the SM
would be violated [138]. If neutrinos are Majorana particles and massive (due to the required change
of helicity for one of the neutrinos) as outlined above, a double-beta decay could occur without
neutrino emission,

(Z,A) = (Z +2,A) + 2. (1.52)
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Table 1.2: Selection of nuclides with observed double beta decays. The statistical and systematic
errors are separated.

Nuclide Half-life [10%'y] Experiment
8Ca 0.0647 0o 4002 NEMO-3 [145]
6Ge 1.926 4 0.094 GERDA [146]
130Te 0.82+0.024+0.06  CUORE-0 [147]

136Xe 21654 0.016 +0.059 EXO-200 [148]

In the simplest decay process, called light neutrino exchange, two electrons are emitted, and the
emitted right-handed antineutrino from a nucleon is absorbed as a left-handed neutrino by another
nucleon. A simplified schematic spectrum of the sum of the kinetic energy of the two electrons
emitted is shown in Figure 1.9. The electrons share the total energy of the nuclear transition, called

(Qpp, which is the difference in the energy between the final and the initial states.

A
2upp
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Ovpp
>
1 K,/ Opp

Figure 1.9: Simplified schematic of the spectra of the sum of the kinetic energy of the two electrons
emitted divided by the Q-value (Qgp) of the process. In the 0v[(3f3, the electrons share the energy
(pp- The absolute scale of the plot and the relative scalings of the 2v3{3 and Ov[3[3 signals are
unknown in the absence of 0v[33 detection.

The half-life for the process that exchanges neutrinos and produces two electrons that carry together

the total energy available Qg is [149]

_ 2
(Tl%) = 6" (Qgp. 2) || W (1.53)
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where MY is the nuclear matrix element (NME), the term G%(Qpp, Z) is a two-body phase-space
factor which includes effects of the Coulomb interaction of electrons and daughter nucleus, and m,

is the electron mass. The term

3
(mgp) = > Uz my, (1.54)
=1

is the effective Majorana mass, where my, are well-defined mass eigenstates of the neutrinos, and the
matrix U is the PMNS matrix. Equation 1.53 gives the rate for exchange of light Majorana. Light neu-
trino exchange is regarded as the minimal mechanism for Ov (3 3 (also called Mass Mechanism). Other
mechanisms are possible, but further assumptions in new mediators and interactions must be added
to the requirement that neutrinos are Majorana particles. The Left-Right symmetric model [150], for
example, incorporates left-handed and right-handed currents (RHC) under the exchange of light and
heavy neutrinos, which predicts new gauge bosons as well. Figure 1.10 shows the Feynman diagrams

of both processes.

u u u u
d d d d
d > P u d > P u
T Ty
m VoA > e; I’VL L>_ e
AV, AVp
YV, Y Vi
> e
Z/err VA ‘L :Vzir\‘ VA eg
- +
d > VA > u d > ViA > u
d d d d
u u u u

Figure 1.10: Diagrams illustrating Ov33 decay through (a) the mass mechanism and (b) the right-
handed current. From Ref. [151].

The matrix element M describes the nuclear part of the decay process. In the case of xenon, a
combined range of 1.68 < MY < 4.773 is found in theoretical calculations for NME [152, 153].
The value adopted for the phase-space factor is G%V = 14.58 x 10~y [154]. The spread in the NME

introduces a source of uncertainty to the effective Majorana mass. Equation 1.53 can be written as

(i) me
[T — . (1.55)
G (QBB?Z) |M V‘

and it can be used to calculate the effective Majorana mass from the experimental searches of the
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decay rate, when compared to the Equation 1.54, which it can be expanded as
(mpp) = |clacigmi + stocigmae’™ + sigmze’®?, (1.56)
where m1, ma, m3 depend on the NO and IO.

1.5.3 Experimental sensitivity of neutrinoless double beta decay

In order to compare different experiments, it is helpful to derive a metric for their sensitivity to
the O0v3-decay. The metric is referred to as the figure-of-merit (FOM) for the comparison of a
0vR B experiment, and will be used in the following chapters. We can take the expected background
events B, as

B =bMtAE, (1.57)

where b is the background rate in (keV kg y)~!, M is the target mass in kg, ¢ is the experiment
lifetime of the experiment, in years, and 0 F is the energy window of the 0v[33 decays in keV, called
the region of interest (ROI), which depends on the resolution of the detector. The number of 0v[33-
decay events Sgypp can be expressed in terms of the decay rate Agypp [155, 156]

A
SOV‘?)I?) = )\OvﬁﬁNtﬁ = )\OVBB (W;)> aeMt, (1.58)

where N is the number of parent nuclei undergoing 0v33 decay, Ap is the Avogadro number, W
molar mass of the source material, o the isotopic abundance of the parent nuclide, and e the detection
efficiency to the 0v[33-decay events. Different experiments can be compared in terms of their signal-
to-background ratio. For example, if Sovpp /B = 1, the choice of Sovpp = ’y\/E can be taken, in
whichy = 51 \ﬂ2) where S is the confidence level (CL) expressed in units of the standard deviation

o of a Poisson distribution. Using this relation, we obtain

Aovpp Ao (%) Mt = VbMIAE. (1.59)

Combining Equations 1.58 and 1.57, and assuming 1o level, a figure-of-merit (FoM) for the half-life

sensitivity of a given experiment can be written as

O(A() M-t

=1 —_— .
FoM = In(2)e w NV AE D

(1.60)

In the limit where the expected background counts are low, the experimental sensitivity increases
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as FoM o< M - t, referred to ’background-free’. The FoM can be used to exemplify the different

approaches that an experiment can use in order to increase the sensitivity of an experiment:

« Utilising a source where the 0v[33 candidate has a high isotopic abundance «, or by enriching

the source,
« High detector mass and/or long livetime to maximise the exposure M - t,

« Low background rate in the ROI b, that can be achieved using passive or active shields and
background rejection techniques. A high detector resolution can discriminate more efficiently
the 2v3 3 events in the ROI,

« High detection efficiency ¢ of the hypothetical signal.

Past and current Ov[(33 experiments use different sources and techniques. For example, cryogenic
bolometers are employed by the CUORE [157] experiment, to search for the 0v{ decay of '*Te.
GERDA [158] and MAJORANA [159] used solid-state germanium diodes enriched in “*Ge. GERDA
achieved a ‘background-free’ level in the ROI, while the MAJORANA demonstrator achieved an ex-
cellent energy resolution in the ROI. These collaborations merged into a common one, LEGEND [160],
in order to reach a sensitivity of ~ 10?7 y and ~ 10?® y with its two phases LEGEND-200 and
LEGEND-1000, respectively. A LXe single phase TPC was used in order to search for the Ov[3[3 de-
cay of 13Xe by EXO-200 [161]. An next generation of this experiment is planned in the future,
nEXO [162], and aims to observe decays from 5000 kg of isotopically enriched xenon and reach a
sensitivity of ~ 10?® y. The current lower limit on the half-life of 1*Xe is set by KamLAND-Zen,
T 10/“2 > 1.07 x 1020y at 90% CL [163], which consists of a large scale *9Xe-loaded liquid scintilla-
tor. The experiment is now running with an increased mass of 745 kg of xenon, aiming to reach a

sensitivity of 7% > 4.6 x 102y [164]. The XENON1T experiment has recently set limits in the

1/2
search of 0vf {3 from its previous run, due to the presence of *9Xe in its target. The present limits of
XENONI1T and projected for XENONNT [125], as well as the comparison to other dedicated searches

with different isotopes, are shown in Figure 1.11.
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Figure 1.11: Effective Majorana neutrino mass (mgg) calculated from the XENON1T 0v[3(3 search
(blue), the projection for XENONNT after 1000 days (violet), and neutrino mass ordering depending
on the mass of the lightest neutrino myghtest- In the right panel, the current best experimental limits
90% CL from the searches using different isotopes is shown, with the values extracted from Ref. [149].
The value for 36Xe is taken from [165]. Figure from Ref. [125].



Chapter 2

Liquid xenon time projection chambers
and the DARWIN observatory

The information contained in nature allows us a partial re-
construction of the past. The development of the meanders
in a river, the increasing complexity of the earth’s crust, are
information-storing devices in the same manner that genetic
systems are. Storing information means increasing the com-

plexity of the mechanism.

— Ramon Margalef

While the previous chapter gave an overview of the missing pieces in our current understanding of
particle physics and different BSM models, this chapter focuses on the principle of particle detection
in LXe TPCs and motivates the use of LXe as detection target. We will start in Section 2.1 with the
description of the properties of LXe that makes it a good choice for dark matter detection. The section
continues by describing the microphysics of how particles interact with LXe. Once having a picture
of the detection principle, Section 2.2 describes the implementation of the essential technological
systems in current LXe TPCs. The section proceeds by introducing the next generation of LXe TPCs,
DARWIN. Section 2.4 focuses on the background sources that impact the sensitivity of the DARWIN
detector to several physics channels of interest. The background sources and the models used to
estimate their rate will serve as input to the next chapter for the characterisation of the sensitivity
of DARWIN to rare processes.
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2.1 Xenon as a medium for particle detection

As hinted in the previous chapter, LXe is an attractive target for particle detection due to a significant
number of properties, shown in Table 2.1. Xenon is a noble gas with no intrinsic radioactivity, as it
contains no medium-lived radioactive isotopes'. This is an advantage compared with argon, which
has trace amounts of the medium-lived 3° Ar, with a half-life of T} /2 = 269y [166, 167]. The isotopes
129% e and 131 Xe, which make up 26.4% and 21.2% of natural xenon, have non-zero intrinsic angular
momenta, which can be used for spin-dependent dark matter searches [168], while argon contains

only zero intrinsic angular momenta naturally abundant isotopes®.

Table 2.1: Properties of xenon relevant for particle detection.

Property Value

Atomic number, Z 54

Molar mass 131.29 g mol~! [169]

Isotopic abundances 124Xe(0.095%), 126Xe(0.089%), 128Xe(1.91%) [169]

129X e(26.4%), 130Xe(4.07%), 131 Xe(21.2%)
132X 6(26.9%), 134Xe(10.4%), 135X e(8.86%)

Gas density (273 K, 1 atm) 5.8971 g L™t [169]

Liquid density (165.05 K, 1 atm) 3.057 g cm ™3 [169]

Melting point (1 atm) 161.4 K [169]

Boiling point (1 atm) 163.05 K [169]

Triple point 161.31 K, 0.805 atm, 3.08 g cn 3 [169]
Critical point 289.74 K, 57.65 atm, 1.155 g cm ™3 [169]
Latent heat of fusion 17.29 kJ kg [169]

Maximum yield 73 photons/keV [170]

Path length 100 keV vy 0.18 cm [171]

Path length 100 MeV vy 5.9cm [171]

Path length 1 MeV neutron 10.6 cm [172]

Path length 10 MeV neutron 15.9cm [172]

As a particle detection medium, xenon has excellent scintillation properties: compared to other noble
gases, it is very effective in converting the kinetic energy of particles into detectable light [72], with a
maximum yield of 73 photons/keV, the highest compared to other noble gases [170]. Another good

quality of xenon as a scintillator is its transparency to its own light, of (178 &= 1) nm [173]°.

1124 and '*%Xe have half-lives of the order 10?2 and 10?! years, respectively.

%2 A non-zero nuclear spin requires odd number of protons and/or neutrons, and argon contains 36Ar, 38Ar, 2Ar, and
trace amounts of 3° Ar which is a potential background in their signal region.

*The first ionisation energy of xenon is at ~ 12 eV, while 178 nm ~ 7ev [174].
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Additionally, xenon has a high density of 2.8574 g/ml at 177.5 K, resulting in a high mass energy-
absorption coeflicient. As a consequence, xenon is a scintillator that can shield electromagnetic ra-
diation, as X-rays and y-rays that interact through photoelectric absorption, Compton scattering, or
pair production are highly attenuated. Figure 2.1 shows the total photoelectric absorption, Compton

scattering, and pair production attenuation coefficients in xenon as a function of energy.
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Figure 2.1: Attenuation of LXe to electromagnetic radiation. Below approximately 300keV, the
cross section is dominated by photoelectric absorption, while above that energy, Compton scatter-
ing becomes more dominant. Above 1.022 MeV, pair production starts to compete with Compton
scattering, becoming dominant for energies around 6 MeV. Data from Ref. [172].

2.1.1 Liquid xenon time projection chambers

The working principle of a LXe dual-phase TPC relies on detecting the recoil induced in LXe by an
incident particle. After an interaction, the atom produces scintillation, free electrons, and atomic
motion (heat). The heat production is, however, not detected in LXe TPCs. The energy is distributed
in the production of scintillation and ionisation in a binomial process [175]. With the use of pho-
tosensors placed around the liquid target, the photons can be detected. Dual-phase TPCs provide
a clever strategy to detect the freed electrons: the cloud is drifted towards a ‘gate’ electrode, below
the liquid-gas interface, where an additional field extracts them from the interface towards the gas

phase. In the gas phase, electrons produce electroluminescence with an amplification factor which
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yields several photons per electron. With this technique, both scintillation (photons) and the ion-
ization proportional scintillation (electrons) can be read out, and these signals are often referred to
as S1 and S2. The use of the two signals provide an excellent energy resolution [176], since the
number of photons and electrons is anti-correlated due to energy conservation. Figure 2.2 shows a
schematic of the working principle of a TPC. The hit patterns on the top photosensor array are used
to reconstruct the x-y position of the electron cloud. The depth of the deposition in the z-coordinate
is reconstructed using the drift time by taking the difference in time from the S1 to the S2 signal,

providing a complete 3D spatial reconstruction of the interaction site.
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Figure 2.2: Schematic of the working principle of a dual-phase TPC: The incident particle interacts
with the xenon atom. The recoil produced due to the interaction produces scintillation and ionisation
(free electrons) along the track. The prompt scintillation signal (S1) is recorded by photosensor arrays
both at the top and the bottom of the TPC. The drift field (Edriﬂ) , along the z-direction, transports the
electrons towards the gate electrode, below the liquid-gas interface. An additional field (Eextraction)
extracts the electrons towards the gas phase, where they produce the second scintillation signal. The
photosensors record this amplified ionisation proportional signal (S2).

The incident particles can produce two types of recoils with the xenon atoms: Nuclear Recoils (NRs)

and Electronic Recoils (ERs). In a NR, the incident particle induces the recoil of the xenon nucleus,
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and it can be produced either by neutrons or potentially by a WIMP. In an ER, the energy is trans-
ferred to an atomic electron, and it is produced by v-,3-,x-particles, and potentially DM candidates
which interact with electrons.

The stopping power of the LXe against different particle species is shown in Figure 2.3. The stopping
power depends on the charge density given by a particle in LXe, which changes with the particle

species.
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Figure 2.3: Electronic stopping power for alphas, electrons and neutrons, in LXe, as given by ASTAR,
ESTAR, and SRIM [177]. The stopping power for alphas and nuclear recoils (labelled as NR) is similar,
while the charge density created by electronic recoils (ER) results a lower stopping power. Adapted
from Ref. [178].

Using the self-shielding properties of xenon, the sensitive* target can be reduced in the analysis of
the data acquired by the detector in order to keep only the inner core, with reduced background.

Before continuing with the description of the implementation of the systems in a TPC, we will discuss
the microphysics of particle interactions with LXe. Understanding the underlying processes in LXe

enables the use of an essential technique in background rejection in LXe dual-phase TPCs, based on

the ratio of S2 and S1 signals.

“Following existing bibliography (for example Ref. [179]), we refer to sensitive target as the volume where the events
are registered by photosensors and the particle interactions with LXe can be reconstructed.
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2.1.2 Microphysics of interactions in liquid xenon

The number of free electrons and photons produced when an incident particle deposits its energy in
liquid xenon, and their redistribution, can be explained by ion recombination at the event site. The
interaction between a particle and xenon will create tracks of excited and ionised xenon atoms. The
excitons Xe™* can create excited dimers, Xe,, which scintillate as they return to the ground state [180].
Electrons can be kicked out of xenon atoms, creating ions Xe ™, which can recombine with electrons
in their proximity to create additional dimers, contributing to the scintillation channel. The processes
can be described as

Xet + Xe — Xey

X62+ + e = Xe™ + Xe
(2.1)
Xe™ — Xe* + heat

Xe* 4+ Xe — Xe3,

where Xe™ is an excited state which loses energy in the form of atomic motion (heat). The later

decay to the ground state of Xe5 will produce scintillation light
Xe5 — 2Xe + hy, (2.2)

where the scintillation signal depends on the excited atom, which can be in a triplet or singlet state.

Figure 2.4 shows a diagram of this process. The energy is distributed between the two processes
Edep = fW(Nez + Nl)a (2-3)

where N, are the number of excitons produced, /V; number of ions produced, and W average energy
required to produce an electron-ion pair. The factor f represents energy losses due to quenching
(atomic motion), that for ERs is conventionally taken as 1 (no transfer to atomic motion). In NRs, the
quenching factor is called Lindhard factor (£) [181]. Contrary to ERs, there is a higher fraction of the
energy which is not converted to observable quantas (0.1 or 0.2, depending on the energy [182]) and
represents the partition of energy of the incident ions to nuclear motion and electronic excitation

motion [183]. The total number of photons will be related to the recombination probability 7,

Edep (’I“ + Nex).

n,Y:Nex—i—rNi: W N,
i

(2.4)
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As a consequence, the effective number of electrons will be less than the initial number of ions

ne = Ni(1—1) = %(1 — 7). (2.5)

By using the recombination rate r, the yields for charge and light respectively can be calculated

ne_L_nﬁ,
y_Ed‘
€ep

= ’
Edep

Qy (2.6)
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Figure 2.4: Diagram of energy deposition with the following excitation, ionisation and heat channels
production: an incident particle will create a track of excited Xe* and ionised xenon Xe*. The elec-
trons inside the recombination radius r. can recombine with the xenon molecules, creating additional
scintillation.

Inside the recombination radius, 7. (also called the Onsager radius), electrons can overcome diffu-
sion, and recombination takes place. Outside r. diffusion is the dominant mode of transport. In
the boundary region, the electrons have an equal probability of recombining or escaping. The total
recombination rate will be the rate at which electrons and holes move into each others recombina-
tion radii and depends on the electric field applied in the volume, the density and the distribution of
thermal electrons and ions. A higher electric field will decrease the scintillation signal by removing
electrons that could potentially recombine. Therefore, the recombination quantifies the redistribu-

tion of the initial binomial process of scintillation and ionisation by the recombination of kicked-out
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electrons. The interaction of particles with xenon will leave an ionisation track depending on the
properties of the particle. The density of electron-ion pairs produced along the track of a particle
> affects the recombination probability between electrons and ions, as it increases with the density
of electron-ion pairs. For example, alpha particles often have enhanced recombination compared to
other particles due to their cylindrical track shape with a very dense core, which results in a bigger
recombination radius [178].

On the time scale of the signals, the duration of the S1 pulse is given by three factors: the existence
of two exciton states of xenon (singlet and triplet), their lifetime, and the recombination time. The
singlet lifetime reaches values up to 22 ns for low fields, while the triplet lifetime is 4.2 ns [184].
The distribution between singlet and triplets is different from interactions with y-, [3-, oc-particles
compared to neutrons, which is modified by the recombination process. Nuclear recoils produce a
greater fraction of fast-decaying singlets than electronic recoils [95]. This property translates to a
different distribution of S1 and S2 signal for ERs compared to NRs. The S2 time width, which arises
from the drift of electrons that escaped recombination, is given by the mean free path of electrons to

produce photons in gas xenon, the electron diffusion, and it approaches a Gaussian shape [185].

Background discrimination

The background contributions in the detector can be identified and reduced. The background dis-
crimination technique relies on the difference in the S1 and S2 signals from ERs and NRs. Figure 2.5
shows the yield of the scintillation signal (L,) and the yield of the ionisation signal (Q,) for both
NRs and y-rays interacting with LXe taken from the Noble Element Simulation Technique package,
NEST [186]. NEST provides parameterised models to perform simulations of particle interactions in
LXe, from where the simulated S1 and S2 can be extracted. Due to the Lindhard quenching factor
for NRs, the L, and (), are lower than those for ER events.

The ratio between S1/S2 is often taken to highlight the difference in the pulses for ER and NR [170].
The difference in the ratio S1/S2 can be exploited for background discrimination, and most of the ER
background can be rejected in the WIMP search region with significant efficiency (around 99% [187]
or higher). There are ER events that cannot be rejected due to their proximity to the expected WIMP
region at low energies, as illustrated in Figure 2.6. These events are often referred as leakage events.
Additionally, events coming from neutrons are more likely to deposit their energy in multiple inter-
actions compared to WIMPs signals, which are expected to deposit their energy in a single site. The

multiplicity of interactions is a powerful tool to discriminate background NR sources from a WIMP

3 Also known as Linear Energy Transfer, LET
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Figure 2.5: Charge (), and light L,, yields for y-rays and neutrons interacting with LXe, according
to the simulation package NEST [186]. The quenching factor gives the difference in the magnitude
of the yield in nuclear recoils £. The authors provided the error for the y-ray model, while the error
in the yield for neutrons is assumed 5% uniformly in the energy range.

signal.

2.2 Current liquid xenon time projection chambers

As mentioned in the previous chapter, current LXe TPCs include PANDAX-4T [78], LZ [104] and
XENONNT [189]. We will focus in this section only on the XENONnNT, as an example of the current
technologies for LXE TPCs. The XENON project is a direct dark matter detection experiment project
using LXe as a detector medium. It is located in an underground facility at the Laboratori Nazionali
del Gran Sasso (LNGS), Italy. Three experiments, XENON10, XENON100 and XENON1T, were per-
formed in the past [190]. The XENONI1T experiment was commissioned in 2016 and took science
data until 2018. The XENON1T experiment has placed the most competitive limits in the WIMP-
nucleon spin-independent elastic-scatter cross section for WIMP masses above 6 GeV /c?, with a
minimum of 4.41 x 10747 cm? at 30 GeV /c? at 90% confidence level [191]. Further results include
the discovery of the double electron capture process in 24Xe, not observed before but predicted by
the SM. The observation of an excess in the low energy region [103] that could be explained by solar

axions or neutrino magnetic moment has triggered many papers and motivated a chapter in this
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Figure 2.6: Response to low energy electronic recoils from a '37Cs y-ray source and neutron-
induced elastic nuclear recoils from an AmBe source in XENON100 [188]. keV. stands for electron-
equivalent energy, obtained after reconstructing the detected signals in the ER channel. The fraction
of ER events that cannot be excluded from the NR region is often referred as leakage events. Past
experiments have been able to reject ER events in the WIMP search region with a 99% efficiency or
higher.

thesis. XENONIT has also placed limits on neutrinoless double beta decay with 136Xe [125], also
discussed in this thesis as a potential channel for DARWIN.

The next phase, XENONnNT, has been commissioned at LNGS and is taking data, utilizing 5.9 tonnes
of instrumented LXe with 4 tonnes fiducial mass. The detector is placed in hall B of the LNGS un-
derground facility, which provides an average depth of 3600 meters water equivalent against cosmic
muons. The experiment employs a double wall cryostat made of stainless steel (SS). The external
gammas and muon-induced neutrons from the materials and walls of the cavern are reduced by the
deep underground facility and the placement of the detectors inside a 10-meter diameter water tank
doped with gadolinium. The water tank functions as neutron veto and Cherenkov muon veto, in-
strumented with light sensors. The gadolinium-loaded water muon veto system, instrumented with
PMTs and reflectors, surrounds the cryostat. Figure 2.7 shows the diagram of the XENONnT exper-
iment, showcasing the cryostat, the Gd-loaded water muon veto system and the broader water tank
shield.

Field shaping rings (FSRs) keep the electric field homogeneously focused in the vertical drift direc-
tion. The homogeneity of the field is of critical importance, as it affects several detector parameters,

such as the drift velocity used to estimate the depth of the interaction. The FSRs provide a voltage
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Figure 2.7: CAD rendering of the XENONnNT cryostat and TPC (1). The TPC has a diameter of 1.3m
and is 1.5 m-tall. (Right) Geant4 rendering of the three nested detectors, including muon and neutron
veto (2), with the reflector material (3). The water tank walls (4), which support the muon veto PMTs,
the neutron veto support structure, and other components (e.g. calibration systems) are omitted for
clarity. The neutron veto PMT windows face the neutron veto region through openings in the panels.
Credit: XENON Collaboration.

drop from the cathode to the gate electrode, achieved with high Ohmic resistors with low heat dis-
sipation between the FSRs. The FSRs are made of oxygen-free high conductivity copper (OFHC),
which provides high conductivity and little outgassing and oxidation. The cathode, gate, and anode
grids are made of SS meshes with parallel wires. SS provides the required tensile strength to prevent
the sagging of the wires®. The electrodes and rings comprise the 1.3 m diameter and 1.5 m long field
cage.

For the light detection systems, a high light collection efficiency (LCE) of the scintillation from the
S1 pulse is achieved by covering the field cage with panels of Polytetrafluoroethylene (PTFE). The
panels provide the needed reflectivity to ensure that reflected photons can be later detected. The top
(bottom) photosensor array consists of 253 (241) R11410-21 3” photomultiplier tubes (PMTs). The
PMT design was a joint effort between the XENON collaboration and the Hamamatsu company, in

order to produce highly radio-pure photosensors [192].

That could be produced not only due to gravitational sag, but also due to the attraction of the wires to conductors at
a different potential
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The expected background in XENONnNT for the ER channel comes from materials, and uniformly
diffused ®°Kr, 222Rn, 22°Rn and the double beta decay of 13Xe, while background events from NRs
arise from neutrons emitted by (o, n) reactions from materials due to their traces of 23*U and 23%Th,
and neutrons cosmogenically produced, while neutrons coming from the cavern are shielded by the
water tank. We have listed only a selection of the most important backgrounds in each channel,
while Section 2.4 will discuss their origins and interactions with LXe more in detail.

For xenon purification, a krypton distillation column has helped to achieve an activity from ®°Kr
of 0.2 ppt of natural krypton in XENON1T, and the xenon purification line has achieved a 2??Rn
background of 10 uBq/kg. XENONNT aims to further reduce the 2??Rn content to 1 pBq/kg and
0.1 ppt (mol/mol) for "'Kr/Xe [193].

All the materials are selected based on their potential contribution to the detector background. Sam-
ples from the materials are procured from companies and screened beforehand in low-background
germanium counting detectors or other spectrometers. All the materials are cleaned, passivized, and

assembled in a clean room [194].

2.3 The DARWIN observatory

The context of this work is the next generation of LXe TPCs, the DARWIN Observatory. DARWIN
aims to cover the accessible parameter space for the SI WIMP coupling, to reach the region where
the neutrino background will produce discernible signals. The baseline design includes 40 tons of
LXe as sensitive target in a cylindrical TPC 2.6 m wide and 2.6 m tall, as shown in Figure 2.8. This
baseline concept includes two arrays of 950 R11410-21 PMTs, used to detect DM signatures, while
other photodetectors are also considered. DARWIN aims to reduce the activity concentration of
222Rn further to the 0.1 uBq/kg, and 2 ppq (mol/mol) for "'Kr/Xe.

Besides dark matter searches, DARWIN will have a competitive neutrino program. This program
includes measuring the low-energy solar neutrino flux with < 1% precision [126], potential obser-
vation of supernova neutrinos [195], coherent neutrino-nucleus interactions, solar axions and the
neutrinoless double beta decay of 26Xe [1] (the latest two are part of this work). A white paper
has been released by the LXe TPCs communities, which plan to join efforts for the next generation
LXe TPC. The XLZD consortium consists of DARWIN, LZ and XENON collaborations. The list of
new physics channels that could be probed in this type of detector can be found with more detail in
Ref. [196].

The realization of a next generation LXe TPC entails addressing different challenges on the up-scaling
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Figure 2.8: Drawing of a possible realisation of DARWIN TPC and the double-walled cryostat. The
TPC has a diameter of 2.6 m and is 2.6 m tall. The cryostat (1,2) design was optimised for lightweight
and made of titanium with low radioactivity. Approximately 1800 PMTs (3) register the particle
interactions inside the LXe target. The 92 FSRs (5), from OFHC copper, define the field cage covered
by PTFE reflectors (6). Torlon or PTFE pillars (7) provide structural support to the field cage. The
electrodes (4, 8) material is titanium, while a PTFE reflector panel (9) covers the bottom photosensor
array. Render from Ref [197].

of different systems, background reduction, and signal quality, among other features. With the up-
scaling of the linear dimensions of TPCs, the high voltage to be delivered to the cathode is altogether
increased up to 100 kV, which poses a major challenge. A high drift field is needed to acquire quality
data, as the particle identification method relies on the difference in the produced scintillation and
ionization between particles, which is enhanced at higher electric fields. Besides this, a lower electric
field implies a lower drift velocity, which allows more time for the electron cloud to diffuse, and
electronegative molecules to capture the electrons in the drifting cloud, reducing the detectable signal
size. Furthermore, the low energy thresholds and the energy resolution achieved by noble liquid
TPCs, and their S2-only analysis [198] depend on the stability and uniformity of these systems. The

increasing diameter for the electrodes provides another set of challenges, as sagging of wires and
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light emission, among others, could degrade the signal quality.

A full-scale demonstrator in the vertical dimension, called Xenoscope, was built in the University
of Zurich in order to demonstrate electron drift for the first time in a LXe TPC over a 2.6 m dis-
tance [199]. The purity of the LXe and the high voltage (HV) delivery and homogeneity are some
of the objectives of this demonstrator for LXe TPCs. In addition to demonstrating electron drift
over 2.6 m, the near-future plans with Xenoscope include the measurement of the longitudinal and
transverse diffusion of electrons emitted from the photocathode. The longitudinal diffusion affects
the width of the signals, with wider signals for larger drift distances. The capability of the TPC to
resolve multiple scatters along the z-coordinate would be affected, which is needed in rare-event
searches to distinguish background-like events. The transverse diffusion, on the other hand, affects
the  — y resolution of the detector. Previous measurements were performed over short drift lengths
(< 20 cm) and feature large systematic errors [200, 201], revealing the need of new measurements
for tonne-scale LXe TPCs, where charge diffusion is more relevant given the longer drift lengths.
Xenoscope will provide the appropriate conditions to perform diffusion measurements at different
drift fields for lengths up to 2.6 m. A section in this thesis is dedicated to such measurements.
Analogously to Xenoscope, the University of Freiburg has been commissioning a 2.6 m diameter
detector, in order to test different electrode materials and geometries.

On the xenon purification and gas system side, different technologies were developed for XENONnNT,
such as cryogenic distillation for radon removal [202] and a heat exchanger with higher performance
than the requirements of XENONNT, that allows in the future up-scaling of liquefaction of xenon and
radon distillation [203]. The liquid purification of xenon at higher flows for multi-tonne LXe TPCs
was developed in Ref. [204], allowing the XENONnT experiment to achieve electron lifetimes (which
is a value related to the mean path of electrons in LXe) greater than 10 ms in an 8.6-tonne total mass.
PMT and other photosensor technologies are being evaluated for DARWIN, such as bubble-assisted
liquid-hole multipliers [205], hybrid photosensor solutions such as ABALONE [206], and Vacuum
Silicon Photomultiplier Tubes [207]. These photosensors could be tested in conditions similar to

those of the DARWIN observatory environment with the use of Xenoscope.

2.4 Expected sources of background in DARWIN

This section enumerates commonly found sources of background in LXe TPCs and the impact that
they will have in DARWIN. Understanding the background contribution and its sources is impor-
tant to develop new analysis techniques, background mitigation when constructing the detector via

material selection, location of the detector, and other vital design choices aiming for a successful
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operation. Modelling the background is crucial in order to study the sensitivity of DARWIN to dif-
ferent channels, which will be the goal in the following chapters. The backgrounds can be studied
given their signature in the detector, and ER and NR backgrounds are often distinguished due to their
different S1/S2 ratio, which was described in the previous section. Consequently, the list of ER and

NR backgrounds is presented here.

2.4.1 Electronic recoil sources in liquid xenon

The ER channel is of interest for searches such as the 0v3 3 of 13*Xe and solar axions, among others,
which are two of the main chapters of this work. These two processes, if existent, would leave their
signature in the detector in the ER channels due to their interaction with electrons, which will be
explained in detail later. These two channels ultimately motivate the lengthy focus on the ER channel
backgrounds, which will be brought back often in the following chapters. As supplement, appendix A

shows details on the decay schemes of a selection of relevant isotopes.

Radioactivity in the Earth mantle and materials

The terrestrial radioactivity is produced by the natural content of 238U, 232Th, and “°K. The abun-
dance in the crust is around 2.6 ppm, 10 ppm and 1%, respectively [208]. There is as well a contri-
bution from the 23U chain. Their long half-lives enable them to be present on Earth, producing a
constant heat source. Uranium deposits are formed from evolved leucogranites or volcanic rocks,
followed by continental collisions (orogenesis) [209], with isotopic abundances of 99.3% for 238U and
0.07% for 23°U. Uranium forms complexes that are stable in solutions, and can migrate over long
distances. Thorium is more abundant in nature, but its minerals are relatively insoluble. The isotope
40K decays to “°Ar by electron capture (EC) with the emission of a 1505keV y-ray or by 3-decay to
40Ca accompanied by the emission of a 1311 keV y-ray.

All rocks and soils emit ionizing radiation as a result of these isotopes: «-particles are the least
penetrating, followed by [3-particles, with y-rays being the most penetrating. The characterization
of the ambient radiation in underground laboratories is important for low background searches.
In LNGS, the y-ray flux, averaged over 8 different positions in different Halls, was measured as
0.25 cm~2s~! [210] in an energy range of 7-2734 keV, and the sedimentary rocks and concrete sur-
rounding the lab were found to have relatively low concentrations of uranium and thorium (1.7 Bq kg ~*

and 1.4 Bqkg ™!, respectively).
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The materials used for the construction of the detector also contain traces of these elements’, in-
cluding other isotopes from anthropogenic or cosmogenic activation sources. For example, %°Co is
a synthetic isotope that is incorporated into SS by the re-utilization of scrap material exposed to a
neutron source [211]. It has a half-life of 5.27 years [212], and it B-decays to excited levels of 5'Ni,
that y-decay with six different channels. The main y-ray emissions are 1173.2keV and 1332.5 keV.
Another isotope of interest is 3”Cs, a common fission product of 23U, with trace quantities originat-
ing from 238U. Its half-life is of 30.05 years [213], and the most distinctive transition is the 3-decay
to 137Ba which later decays to its stable state by a y-ray emission of 662 keV.

222Rn, 220Rn and ®°Kr

Xenon contains the homogeneously diffused 22?Rn, ??°Rn and ®°Kr contaminants. The content of
222Rn in diverse media, including air, comes from its emanation from the soil, rocks and granite
through the decay of the naturally abundant ?26Ra (with T} /2 =1600 years)®. Through adsorption,
absorption and diffusion processes, materials end up containing this isotope, depending on their
permeability and the equilibrium of the diffusion equation [214]. Their 2??Rn content is steadily
outgassed, and due to its relatively long half-life (T;,, = 3.824d), 222Rn diffuses into the target
LXe mass. A selection campaign was performed by XENON1T to selectively eliminate problematic
materials [215].

The decay of 2'Bi to the excited and ground level of ?'4Po through -decay can contribute to the
background in the low energy-region. However, due to the release and the subsequent x-emission
from the decay of 2'*Po, a technique for its tagging can be derived [216]. The decay from 2'*Bi and
214pg occur close in time, with a mean lifetime of 214Po of 237 us, and the correlation can be used
to exclude these events. When the event occurs in the core of the LXe volume in the detector, the
coincidence tagging efficiency is close to 100%. However, it decreases if the 214Po is plated out on
detector surfaces, and the x-particle loses energy before entering the sensitive region. It can also
decrease if the o« event occurs in a region with low light collection [217].

From the thorium decay series, there is also a concentration of 220Rn. Given its short half-life of
55.3 s, the concentration is lower than the one from 222Rn, nonetheless, its daughter 210pp can -
decay, and the B-decay of either 2'4Pb (from 22Rn) or 2!2Pb (from 2?°Rn) can enter in the low-energy
region of the detection range. Moreover, its decay is called a ‘naked (3” due to the lack of a - or

y-particles associated with the transition to the ground state in the daughter nucleus. Therefore,

"We will discuss in detail the calculation of the background coming from detector materials in Chapter 3, that requires
dedicated simulations and it is part of this work.
8From the 228U chain
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the spectral shape, branching ratio of this process and rate should be carefully characterised. These
isotopes decay through first-forbidden non-unique transitions, making their spectral shape depend
strongly on the particular nuclear structure. The effects of the nuclear structure were taken into
account using large-scale shell-model calculations in Ref. [218]. It is remarked in the study that the
first-forbidden non-unique 3-decays depends strongly on the value of the effective weak axial-vector
coupling g4, and the study calculates the spectra assuming different values (g4 = 0.7,0.85, 1). The
spectrum obtained using g4 = 0.85 predicts an event rate 19.0% lower in the region 1-15keV from
214ph. The comparison for these assumptions can be seen in Figure 2.9. The estimated rate from 2'4Pb
and 2!2Pb is calculated assuming the goal activity of 0.1 uBq/kg from ?*Rn. The branching ratio of
the 2'Pb decay to the ground state of the daughter nucleus is taken as BR = 0.109+0.01 [172, 219].

For 212Pb, and a relative concentration of 22Rn/??2Rn ~ 0.3% is taken [193].
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Figure 2.9: Comparison of 3~ spectra for the ground-state decay of 2'4Pb shown over the full energy
range. The blue line was used in the XENON low energy region searches result [103], while the red
line shows the improved calculations from Ref [218].

The isotope ®°Kr is a radioactive noble gas that 3 decays with a half-life of (10.752 4 0.023) years
and a Q-value of 687keV [220]. Because of its abundance in the atmosphere °, commercial xenon
contains 8Kr that must be removed with a purification system. The decay of 8°Kr is a first-forbidden
unique transition, and the corrections to the spectrum due to the nuclear structure are only mi-

nor [218]. By combining the spectra given in Ref. [218] for 214Pb, 2!2Pb and 8°Kr, the calculation of

? Although it can be produced naturally in the atmosphere by interacting cosmic rays with krypton in the air, most of
its production is antropogenic by at least four orders of magnitude [221].
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the expected event rate can be made for DARWIN. The estimated rate of 8°Kr for DARWIN is calcu-
lated assuming a relative abundance of 8°Kr/™Kr = (1.7 & 0.3) x 10~ mol/mol [222], which was
observed in XENONIT. The target concentration for DARWIN is 2 ppq "Kr/Xe. Figure 2.10 shows
the expected event rate from the 3~ decay of 2'4Pb, 2!?Pb and ®Kr in DARWIN.
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Figure 2.10: Comparison of the event rate in DARWIN for 214py, 212p} and 85Kr, where the spectra
are taken from Ref. [218]. The following assumptions were made: 0.1 uBq/kg activity from ?2?Rn,
concentration ratio 22°Rn/???Rn ~ 0.3%, and a concentration of 2 ppq "Kr/Xe.

Solar neutrinos

Solar neutrinos originate inside the core of the Sun through nuclear fusion processes. The solar lu-
minosity constraints the flux due to energy conservation, assuming most of it comes from nuclear
reactions of its lightest elements, according to the Standard Solar Model. Most neutrinos are pro-
duced in the proton-proton chain (pp) reaction of the Sun (around 91% of the total flux), in which
it converts hydrogen to helium, and “Be neutrinos are produced further in the pp-chain (7%) [139].
The CNO cycle contributes as well to the neutrino production, representing ~ 1% of the total solar
neutrino flux [223]. More details of the cycles can be found in Appendix B. Table 2.2 shows the dif-
ferent solar neutrino fluxes, taken from Ref. [224], and Figure 2.11 shows the solar neutrino fluxes

spectra, together with atmospheric and diffuse supernova neutrino background (DSNB)™.

10 . . . . . .. . . .
Theoretical population of neutrinos and anti-neutrinos originating from supernova events in the Universe
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Figure 2.11: Solar neutrino fluxes for the different reactions in the Sun, where the continuous spectra

Table 2.2: Neutrino total fluxes for the different solar processes [224].

Family Q [keV] ®¢[cm~2s7!] Uncertainty (%)
pp 420 5.98 x 1010 0.1
"Be  862(90%) = 4.93 x 10° 1.2
364(10%)
pep 1442 1.44 x 108 0.7
BN 1200 2.78 x 108 5.4
150 1732 2.05 x 108 8.3
17TFe 1732 5.29 x 106 3.8
8B 18773 7.98 x 106 1.1
/_\ —=—- Total flux
1 : i
_’/””_,l—‘=i‘~ —_— 13N
/ — 8B
1 | L hep
| _—1] Atmospheric
1 —— DSNB
i \ —— 7"Bel
Y‘l — 7Be2
T - — pep
1071 10° 101 102
Eg [keV]

follow a 3~ spectrum. The solar fluxes are from Ref. [224]. The DSNB and Atmospheric neutrino
fluxes from Refs. [225, 226].

Neutrino interactions with electrons

Neutrinos can interact with atomic electrons in both neutral and charged current reactions. These

interactions are within the SM with the exchange of W* and Z° bosons, as shown in Figure 2.12.

Because the electrons in the xenon atom are bound, one needs to consider the atomic form factor in

the cross section calculation. The recoil of the atomic nucleus can be neglected due to the difference

between the momentum transfer and the ratio of neutrino energy and nuclear mass.
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Figure 2.12: Scattering of neutrinos with electrons for charged (W) and neutral (Z°) currents. The
W-boson channel is absent in the cases of the muon and tau neutrinos.

When a neutrino with energy E scatters off a free electron in the process:
v4+e —vi4e, (2.7)

the neutrino transfers the momentum ¢, assumed initially at rest in the laboratory frame. The kine-

matic relation in an ultra-relativistic limit where m, = 0 is given by [227]

Ey +me T
S = 28
coSX B, \VT+2m,’ 9

where T is the energy transferred, m,. is the electron mass, and x is the outgoing angle with respect

to the incident neutrino. The maximum energy transfer is then given by

2F2
Ty = —— ¥ 2.9
max = o - (2.9)
Using this information, the cross section can be written as [228, 229]
dos™  GZm, 2 2 T\? 2 oy MmeT
e _ — 1— — — — 2.10
T o (gv +94)" + (gv — ga) < Ev) + (94 — 9v) Bz | (2.10)

where E, is the neutrino energy, G r is the Fermi constant and gy and g4 the vector and axial vector
coupling constants. In this equation is assumed that |¢?|< m¥,. For reactor neutrinos the last term
is negligible, as &/ >> me. The free-electron approximation simplifies the cross section for an atomic

electron of a nuclear species N = (A, Z) as

doyZe" 40—

dr dr

(2.11)
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This approximation holds when the energy transfer 7' is relatively large compared to the atomic
binding energies. For low-energy interactions, a different approach has to be taken. A proposed
solution is adding a factor to the free-electron approach by modelling the energy levels as step func-
tion. When the moment transfer is equal to the ionisation threshold for the orbital, the electron in
the corresponding orbital is not available, producing a sharp step in the dependence of the cross

section with the momentum transfer, the effective value Z.7; can be written as

Z
1
Zeyy(T) = Y kO(ER — Ep), (2.12)
k=1

where the sum is over the atomic levels with binding energies £/ g. This approximation describes the
scattering of atomic electrons with a good match for germanium [230]. For xenon, in Ref. [231] it is
found that a full RRPA (Relativistic Random Phase Approximation) calculation of the scattering of
atomic electrons yields differences of 25% fewer events for ' ~ 10 keV when considering pp and
"Be solar neutrinos. This suppression is assigned to electron-electron correlation effects. The full
spectra also fall off faster at higher energies than the stepping approximation. Taking the previously
mentioned points into consideration, the cross section used in this work will be the one calculated
in Ref. [231].

Using the expected fluxes and the cross section for a SM interaction, the rate can be calculated as
dRy, N, /
dIT A Jg

where a = e, i, 7 is the neutrino species, which have oscillated and changed flavour in their path,

doy

dr

dEy ) ®ia(EY) (2.13)

min

Epin is the minimum energy to produce a recoil in LXe, ®; , is the flux from the different solar
neutrino families, and ‘%& the differential scattering cross section.

Neutrinos from the Sun can modify their flavour content by neutrino oscillation on their path to Earth
and their path from the core of the Sun to its surface by the MSW effect. The MSW-large-mixing-
angle solution predicts a vacuum-dominated oscillation, approximating the survival probability of

electron neutrinos to [232]

1
P, = cos* 013 <1 -3 sin? (2912)> + sin 6y3. (2.14)

When assuming sin?(2612) = 0.851 % 0.021, sin?(2613) = 0086 =+ 0.003, the survival probability
is P.. = 0.55, with an error of 2% [140]. The remaining part of the pp and "Be are either Vv, or

v, and will scatter with the same differential cross section. Additionally, this flux will exhibit an
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annual modulation due to the changing distance of the Earth to the Sun, which needs to be averaged
over a whole year. After applying these corrections, the rate in the LXe target mass was recalculated
for this work, using both Equation 2.10 and the RRPA calculation. In Figure 2.13 the effect of the
atomic shells is shown for the stepping approximation, alongside the calculation with the stepping

approximation compared to the RRPA calculation.
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Figure 2.13: Recalculated expected event rate in LXe from neutrino-electron scattering using the
stepping approximation compared to the total event rate calculated using RRPA numerical values
from Ref. [231]. The rate for the pp and “Be are shown in order to emphasise the one order of
magnitude difference between the two fluxes. The M and L notation on the upper axis represents the
xenon atomic shells.

Double beta decay of 36Xe

The double beta decay of 3Xe has a spectrum with a Q-value of (2457.83 & 0.37) keV, with a half
life ofoygﬁ = 2.165+0.016 (stat) =0.059 (sys) x 102! v, measured in EXO-200 [233]. The 2V -
decay of 136Xe introduces a background contribution due to the interaction of the two electrons with
LXe. The spectrum depends on the features of the transition. All ground states of even-even nuclei
have a spin and parity 0%; thus, 07 — 0T transitions are allowed. It is also possible to go to low-

lying excited states of the daughter nucleus, giving rise to 0T — 27 transitions or the excited 0"
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state [143]. Figure 2.14 shows a schematic of the double beta decay in '36Xe.

0 s
T BiXe | . °Cs
i 1579.02 keV
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Q = 2458 keV + o? AY
2l | 4 > 818.515 keV
0 RN P R
136Ba

Figure 2.14: Decay scheme of '36Xe to 13°Ba. The energy levels and the branching ratios for the de-
excitations are taken from Ref. [234]. Only the 0 and 2 levels are shown. Scheme from Ref. [235].

The precise calculation of this spectrum is important for the background assessment, as the spectrum
can change the rate that falls in different energy regions. In Ref. [154], Kotila and Iachello calculated
the summed energy spectrum of the two electrons emitted for 136Xe— 136Ba, by using the exact
Dirac wave function with finite nuclear size and electron screening. The error in the calculations
comes from the phase space factors that take for input the Q-value and the nuclear radius. It is
also affected by the screening choice (10% uncertainty in the screening assumed when choosing
the Thomas-Fermi model in the screening, which often overestimates the electron density at the
nucleus) and the excitation energy in the intermediate nucleus. The uncertainty comes mostly from
the experimental activity that normalizes the event rate spectra, while the theoretical uncertainty
of the spectra is considered negligible [236]. The result from Kotila and Iachello and the decay rate
from Ref. [233] are used in this work to calculate the rate of this process, and the expected rate is

shown in Figure 2.15.

Cosmogenic activation of xenon

Natural xenon has a composition of isotopes with different abundances, as shown previously in Ta-
ble 2.1. Interactions with neutrons that were produced either by radioactive processes in materials,
cosmic showers, spallation or fission products can activate xenon isotopes and produce unstable nu-
clei that could decay and potentially introduce background events in the detector [237]. A list of

relevant isotopes for this works follows.
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Figure 2.15: Spectra of the sum energy of the electrons released in the double beta decay of '3Xe,
taken from the calculation in Ref. [154].

137Xe is not present in natural xenon but can be produced by cosmogenic activation in the detec-
tor underground. A fraction of the muon-induced neutrons will thermalise in xenon and they can
be captured by a '3Xe nucleus. Since there are no other heavier atoms, *"Xe cannot be produced
via spallation. A diagram of the interaction is shown in Figure 2.16. In order to understand this
background, the neutron production mechanisms need to be assessed. Neutrons can be produced
by the natural activity of the rock and the concrete, the detector materials, muon-induced neutrons
from the rock and the concrete and muon-induced neutrons from detector materials. The production
of neutrons from (a,n) reactions from the rock is not sufficient to produce a significant amount of
neutrons that can activate 13Xe, since neutrons from the rock are stopped by the water tank. This
is not the case of the xenon outside the water tank in the purification system, and precise calcula-
tions are required in that case in order to estimate its impact. Moreover, muon-induced neutrons in
the detector in the xenon are a dangerous activation source since they cannot be easily identified,
penetrating directly into the sensitive volume of the detector [1]. These neutrons are produced by
the muon interaction with xenon and can thermalise in their path and be captured by '26Xe. The
137Xe isotope proceeds to 3 ~-decay with a Q-value of 4.17 MeV and a half-life of 3.82 min, covering
the whole energy region of the detector. The production rate in DARWIN, assuming the detector is
located in LNGS, was calculated to be (7.85 4 0.70) x 10~ isotopes/(ty) [238]. The production
rate was derived from GEANT4 [239] MC simulations, and the errors represent the difference in the
production rate from the chosen models and datasets (SHIELDING, SHIELDINGLEND, BIC) to sim-

ulate neutron and gamma interactions.
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Figure 2.16: Diagram of neutron capture by '3%Xe, which produces 37 Xe in an excited state, decaying
to 137Cs with the emission of a y-ray, which later 3-decays to '3"Ba.

133Xe can be as well produced by neutron activation. It is a common background after neutron
calibration in TPCs, as observed by XENON1T [192]. In this work we assume negligible contribution
to the background from this isotope, as its half-life of (5.24 d) allows to exclude the data after neutron

calibrations.

Double electron capture of '?*Xe

The two-neutrino double electron capture (2vECEC) is a second-order weak-interaction process with
a recently observed half-life by the XENON1T experiment of Tf}’QECEC = (1.1 £ 0. 2500 £ 0.1y ) X
10?2y [125]. Analogous to the single-electron capture, double-electron capture rates depend on the
overlap between the electron and nuclear wave functions [240]. The electrons in the s-orbitals of the
K- and L-shell (L1) have the largest overlap. However, the M-, N- and O-shells with s-, p-, d- and
higher orbitals should also contribute to the total double-electron capture decay rate. The values for
the squared amplitudes of the radial wave functions up to the N5-shell are tabulated in Ref. [241].
The final values for the relative intensities used in this work are taken from Ref. [125]. The final

feature is the superposition of the different peaks from the different shell captures. The values taken

are shown in Table 2.3.

2.4.2 Nuclear recoil sources in liquid xenon

Neutrons produce single-site interactions indistinguishable from WIMPs and cannot be discrimi-
nated due to their S1/S2 ratio. Fast neutrons penetrate the LXe-sensitive volume and mimic a WIMP

signal. The so-called radiogenic neutrons are generated by the detector materials themselves, while
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Table 2.3: Relative capture fractions and energies of double-electron captures from different shells.
The capture fractions considering only the K- and L1-shells were used in [242]. Table from Ref. [125].

Decay K&L1[%] KtoN5 [%] Energy [keV]

KK 76.5 72.4 64.3
KL 23 22.0 200  36.7—37.3
KM 2345 - 4.3 32.9 —33.3
KNi23.45 - 1.0 32.3-324
Li23Lio3 1.6 1.4 8.8 —10.0
Other — 0.8 < 10

cosmogenic neutrons are produced by cosmic muons traversing the mountain rock and detector mate-
rials. Fast neutrons are more likely to produce multi-scatters, and dedicated background suppression
techniques exist [182]. Neutrons produced by the cosmic muons interacting with the cavern or the
detector materials can penetrate the sensitive detector volume. The expected flux for muon induced
neutrons is of energies above 10 MeV in LNGS is 3.7 x 101%(cm~2s~!) [238]. The purpose of the
external water tank in LXe experiments is to provide an absorption volume and stop such events. The
instrumentation of photosensors provide additional vetoing of muon or shower-like events travers-
ing the tank. The isotope that produces most of the neutron yield due to spontaneous fission is
238U. However, in practice, 'y-rays and neutrons are produced together in this process and can be
tagged [243]. While spontaneous fission is common in high-Z isotopes, (x, n) reactions are impor-
tant for low and medium-Z nuclei. As shown in Table A.1, uranium and thorium chains produce 6
and 8 «-decays, respectively, and quickly lose their energy while travelling through materials. The
energy losses decrease the probability of producing a neutron, which is a process that simulation
libraries take into account. There are several libraries for the simulation of the neutron yield in
materials, such as EMPIRE [244], TALYs [245] and SocG4N [246].

Finally, the contribution to the background from CEVNS, when a neutrino interacts with a nucleus,
can leave an imprint indistinguishable from dark matter, which translates in the neutrino fog discus-

sion in Chapter 1.

2.5 Expected electronic recoil backgrounds in DARWIN and remarks

With the background reduction projected for DARWIN, the detection of solar neutrinos, axions,
ALPs, and other searches in the ER channel become promising, as the activity of diverse common
contaminants in LXe will be reduced. Table 2.4 shows a list of the assumptions and concentration

goals for DARWIN, while Table 2.5 shows the errors from the different models assumed.
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Table 2.4: List of backgrounds in the ER channel and the assumptions taken in order to calculate the
background in the chapters.

Background Source  Activity/Half-life References
2vB R of 136Xe Tf}’g =2.165y Spectra: Ref. [154]
Cross section: Ref. [233]
B-decay of ¥"Xe 7.85 x 10~ isotopes/(ty) MC simulations
2VECEC of 124Xe Tf;;ECEC =1.1 x 10%%y Ref. [125]
Solar neutrinos Fluxes: Ref. [224]
Cross sections: Ref. [231]
B-decay of 89Kr 85Kr /MKy = 1.7 x 10~ !'mol/mol  Relative abundance from Ref. [247]
2 ppq "*Kr/Xe Target DARWIN
B-decay of 222Rn 0.1 puBq/kg Target DARWIN
BR = 0.109 & 0.011! Ref. [172, 219]
B-decay 2?"Rn 220Rn/???Rn ~ 0.3% Ref. [193]

Table 2.5: List of backgrounds in the ER channel and uncertainties assumed.

Background Source Uncertainties

136xe 10% spectra, 28% activity

137Xe 10% in the production from difference between MC libraries
124Xe 27%

Solar neutrinos 3% in the v — e cross section

85Ky 18% from relative abundance 8°Kr/™'Kr

222Rn 10% for the branching ratio 2'4Pb — 214Bi

The next chapter will discuss the production of the background model for DARWIN given the ex-
ternal radiogenic contribution from detector materials in the ER channel. Combining the analytical
calculations used in this chapter, a background model will be derived to estimate the sensitivity of
DARWIN to the 0v3B-decay of 3%Xe in Chapter 3, and for the sensitivity to solar axions in Chap-
ter 4.

!'Branching ratio of 2!*Pb — 2!Bi in the ground state.



Chapter 3

Backgrounds and sensitivity for the

neutrinoless double beta decay of 13%Xe
in the DARWIN observatory

After additional checks verified their preliminary results, Wu
and her group lifted the veil of secrecy and a shock wave swept
through the physics community. (...) I sent a cable to Op-
penheimer, who was vacationing in the Virgin Islands: “Wu’s
experiment yielding large asymmetry showing G equal to G’.
Therefore neutrino is a two component wave function.” He ca-
bled back “Walked through door” referring to a talk of mine in
1956 in which I had likened the situation in 1956 of the high-
energy physicists to that of a man in a dark room. He knows

that in some direction there is a door. But in which direction?

— C.N. Yang

As stated in previous chapters, the neutrinoless double beta decay is a forbidden second-order weak
nuclear process, yet unseen. This transition would produce two electrons in LXe, with energies
distributed by sharing the Q-value of the transition of (2457.83 4 0.37) keV for 136Xe [233]. The
electrons, emitted with an angular distribution according to the underlying BSM physics, nuclear
matrix elements and phase factors, will produce an ER nearby the site where the decay occurred.

As aresult, the energy depositions of both electrons will produce scintillation and ionisation in LXe,

70
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which can be detected in the TPC. The DARWIN observatory could detect these rare events due
to a large amount of 36Xe in the detector (3.5 tonnes), its excellent energy resolution [248] and its
ultra-low background due to the increasing shielding capabilities and a dedicated campaign to screen
and select the materials of the detector. To study the sensitivity to this process with DARWIN, the
background around the Q-value is carefully examined and modelled in this chapter. Section 3.1
introduces the software used to produce the simulations and the treatment of the radioactive decays.
The resulting full background model is discussed in Section 3.2. In Section 3.3, the signal models of
the two electrons emitted in the transition in the 0v[3 3 process (together with their recoil in LXe), are
characterised. Section 3.4 describes the statistical framework used for the inference of the sensitivity
and the discovery potential, together with a discussion of the obtained results. To finalise, we discuss
the present implications of this study and future perspectives on detecting this physics channel in

DARWIN.

3.1 DARWIN Geant4 model

The total ER background consists of the sum of the material contributions and the homogeneously
distributed intrinsic contributions in LXe. This section covers how the external radiogenic back-
ground is simulated, with details on the software used, while the next section covers which isotopes
are simulated and the results of these simulations. The estimation of the expected background was
performed using Geant4, a Monte Carlo (MC) simulation toolkit widely used in particle physics.
Geant4 simulates the interaction of particles with matter, and it can track its propagation [249]. The
package is written in C++, making it fast and robust, and it is continuously maintained by CERN staff
and users. The user can model the geometry of a detector and specify its materials, along with their
chemical and physical properties. Such properties can be set either from the official Geant4 library or
manually added by the user. Once the geometry and the properties are set, the simulation workflow
starts by selecting the type of particle/s to be simulated, with its initial momentum and position. A
particle is propagated spatially, interacting along its path with the detector materials. In this process,
secondary particles can be created. Depending on the type of particle, this can be further propagated,
with possible energy loss or decay. This process can be repeated for /N simulated particles under the
same initial conditions. A complete list of tracking variables can be stored under user demand, for
example, variables such as energy deposited, momentum, and type of interaction, among others. In
Geant4, an event is defined as the information generated by the tracking of an initial particle ~known
as primary— and its secondaries as they propagate and interact with matter. An event ends when all

the particles are either absorbed or escape the confined volume of the simulation. Geant4 allows
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the user to store the relevant tracking information in different formats. The particle tracking and
interactions are saved in ROOT [250] files. ROOT is a software widely used in high-energy physics,
and it provides optimised storage of large quantities of data, with a high level of compression and
fast query functions. Each file stores the relevant parameters for spectra generation and analysis.
The final file will contain information about our simulation that has to be processed to get a realistic
event-wise energy deposition.

The geometry modelling is done with objects from Geant4 classes, usually starting from simple forms
such as spheres, cubes or cylinders, that the user can combine in Boolean or other types of operations
to create more complex shapes. Materials need to be specified through their chemical composition,
density, and phase. If optical properties are of interest, the absorption length, reflectance and other
parameters can be set. These properties are used for particle tracking and physics processes mod-
elling.

The geometry of the DARWIN detector was implemented following the baseline 3D CAD model.
Only the cryostat and the TPC are relevant for the external radiogenic background due to their
proximity to the LXe-sensitive volume. Thus, only details on these two components will be shown.
Table 3.1 shows the components, the materials used and their masses for the cryostat and TPC ele-

ments. The mass is calculated from the volumes and the density, given the specified material.

Table 3.1: List of detector components included in the Geant4 geometry for the cryostat and TPC
model of DARWIN, stating their material composition and total mass.

Component Material Mass
Outer cryostat Titanium 3.0 tonne
Inner cryostat Titanium 2.1 tonne
Bottom pressure vessel Titanium 0.4 tonne
LXe instrumented target LXe 39.3 tonne
LXe buffer outside the TPC LXe 9.0 tonne
LXe around pressure vessel LXe 270kg
GXe in top dome + TPC top GXe 30kg
TPC reflector (3mm thickness) PTFE 146 kg
Structural support pillars (24 units) PTFE 84kg
Electrode frames Titanium 120 kg
Field shaping rings (92 units) Copper 680 kg
Photosensor arrays (2 disks):

Disk structural support Copper 520 kg
Reflector + sliding panels PTFE 70kg

Photosensors: 3” PMTs (1910 units) composite 363 kg
Sensor electronics (1910 units) composite 5.7kg
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One way to visualise the geometry is by simulating virtual particles that are part of the Geant4
software, called ‘geantinos’. These particles do not interact with materials and are used for track
propagation. As no interaction needs to be calculated, the simulation time is significantly reduced,
and millions of events can be simulated at once. Hence, they are helpful for debugging transport
processes and for visualising geometries. Figure 3.1 shows, as an example, the bottom PMT array and
the outer and inner vessels from the cryostat displayed with geantinos, that were sampled randomly
in the material volume. A 2D projection of the geometry of the TPC and the cryostat, together with

the list of materials used in the detector components, is shown in Figure 3.2.
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Figure 3.1: Left: Bottom PMT array of the DARWIN TPC in Geant4, where 955 PMTs are placed in
a circular distribution to maximise the light coverage; Right: width and height (X-Z, respectively)
plane projection of the cryostat implemented in Geant4, where the inner and outer vessels are visible.
Stiffener hoops around the cryostat inner and outer vessels, help to reduce the total mass of the
cryostat and are incorporated in the Geant4 geometry.

To simulate the radioactive decays from the materials, the corresponding isotopes are placed at rest
randomly in the selected material volumes. The number of simulated events depends on the activity
of the material and is usually taken to cover at least one year of operation of the detector. In the case
of DARWIN, this number varies from 10 to 107 primary events. Only the energy depositions that
take place in the instrumented LXe volume are relevant for the ER background.

After simulating the energy deposited in LXe, the fact that the spatial and temporal resolution of the
detector does not have an arbitrary high numerical precision needs to be taken into account. Energy

depositions that occur too close spatially will be seen as a single energy deposition in the actual
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Figure 3.2: X-Z plane cut of the detector geometry inside the double-walled cryostat in Geant4, where
the TPC materials are shown. The PTFE reflectors overlap with the field cage made out of copper
rings. The electrode grids are implemented using titanium as material.

detector and interactions that occur too close in time. We will define a cluster as a region of interac-
tions with distances below the resolution of the detector, inside which multiple interactions with LXe
will appear in the detector as a single interaction. Figure 3.3 illustrates how several interactions are
seen as a single interaction inside the position resolution of the detector. Clustering algorithms are
based on the simulation of S2 waveforms and data matching from previous experiments and takes
into account the signal size, the separation and drift effects. These effects are studied in detail in
Ref. [251], although with detector-specific properties. In this chapter, we will assume an isometric
3D reconstruction of the depositions. However, the Z-coordinate usually has a greater resolution,
being derived from time coincidence measurements. Each cluster event is analysed by the Density-
Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm [252], which reconstructs
multiple clusters as a single cluster with a scanning parameter chosen to be € = 15 mm. The assump-
tion is based on previous LXe TPCs’ resolution and the diffusion of the electron cloud in LXe [253].

The value of 15 mm is an assumption of what would be feasible in DARWIN given diffusion effects,
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based on the clustering distances for XENON1T, which range from 6.5 mm to 11.5 mm at the bottom
of the TPC [125].
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Figure 3.3: Simplified illustration of how multiple interactions are clustered as a single interaction
due to the position resolution of the detector.

The energy spectrum from the MC simulation has to be smeared with the energy resolution of the
detector, as the simulations are produced with a numerical energy resolution higher than the detector

itself. The resolution at different energies is usually fit by the function

o a
i NG +b (3.1)
where the assumed values of @ = (0.3171 £ 0.0065) and b = (0.0015 £ 0.0002) are taken from
the high energy region analysis of XENONI1T [248]. Geant4 separates the decays of each isotope
and daughters into separate events, which overcounts the total number of events produced when
a simulation is started from the beginning of a radioactive chain. The events generated in a chain
depend on the version of Geant4 and can include excited states of the daughter nuclei or meta-stable
states in between decays, with negligible half-lives. Therefore, an average number of states is derived
for each decay chain to account for this effect. This number is called the weight (W) of the chain.

For each material 7, IV;; primary events are produced per isotope j. Afterwards, the MC simulations
are processed with the clustering algorithm, and only events that produced a single energy deposition
are saved. The choice of only saving single energy depositions is by the expected signature of the
0vp [ signal in LXe, as explained in Section 3.3. The final differential rate histogram is generated

and normalised with the formula:

Nij
Rij= - 3.2
Y (T;MpyAFE) 62
where Mpy is the fiducial mass and AFE is the bin size of the energy spectrum in keV, and
NG
Ty = —2 (3.3)

WMiAij ’
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is related to the lifetime of the primary isotopes in the materials. 7;; is the ratio between the gener-
ated MC counts (Ng), normalised by the weight (W) of each chain, the mass of the simulated material

in which these events were generated (//;), and the activity value of that material and isotope (A;;).

3.2 ER background rates and models

This section will describe in detail the isotopes that contribute to external radiogenic and homoge-
neously distributed background components. These backgrounds are discussed in this section for

the energy region 2200-3000 keV.

3.2.1 External radiogenic background simulation results

The decay of long-lived radionuclides present in the detector materials produces daughter particles
interacting with LXe. These interactions have a non-isotropic distribution. The most relevant con-
tributions to this analysis are the thorium and uranium chains, as well as °Co and #4Ti.

The contribution to the background from the uranium and the thorium chains comes from the decay
of the isotopes 214Bi and 2°%Tl, respectively. The decay of 2'*Bi introduces several peaks that can be
found in between 2200-3000 keV, and Table 3.2 shows a list of the most relevant decays. Most of
them have a relatively low intensity, and only the peak located at 2447.86 keV contributes signif-
icantly around the Q-value of the 0v3 3 of %Xe [254]. The decay of 2°®Tl with the emission of a
2614.53 keV y-ray introduces a continuum spectrum below that energy [254].

Table 3.2: Relative intensities of 2'Bi peaks that appear in the region 2200-3000 keV. Data from
Ref. [254].

Energy [keV] Intensity
220421 (4)  5.08 (4)

2266.51 (13)  0.018 (1)
2293.40 (12)  0.305 (9)

2331.3 (2) 0.0221 (14)
2447.86 (10)  1.57 (2)
2694.7 (2) 0.031 (2)
2769.9 (2) 0.025 (2)
2921.9 (2) 0.014 (2)
2978.9 (2) 0.0138 (5)

The material contamination is simulated given the radioactivity of the chosen materials. Table 3.3
shows a list of the main contributors to the radioactivity of materials selected for the TPC and cryo-

stat. SS is a common choice for the double-walled cryostat used in current TPCs [255, 256]. However,
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Ref. [257] identified titanium samples with low radioactivity, making titanium an attractive candi-
date. Additionally, titanium has higher stiffness than SS, with a tensile yield strength two times
greater than SS [258], requiring less mass to construct the pressure vessel. The cosmogenic activa-
tion of materials can take place [259] in the materials used in the detector. Titanium may contain the
isotope 44Ti, which is of special interest due to the decay of its daughter nucleus, 4*Sc. This isotope
has a long half-life of Ty 5 = 59.1 yr, and a y-emission at 2.66 MeV [254]. The electronics used for
the bases of the PMTs are made of polyimide and can generate a potentially dangerous background
due to its relatively high radioactivity and proximity to the target volume [257, 260]. For this reason,
the electronics are included in the study as a separate element in the simulations.

Table 3.3: Measured activity levels of the materials selected to compose the TPC and cryostat, used in

the MC simulation. The titanium radioactivity measurements are from Ref. [257], and the remaining
measurements from Ref. [260].

Material Unit 238y 226Ry 22T 2287 60Co T
Titanium mBq/kg <1.6 <0.09  0.28 025  <0.02 <1.16
PTFE mBq/kg <1.2 007 <007  0.06 0.027 -
Copper mBg/kg <1.0 <0.035 <0.033 <0.026 <0.019 -
PMT mBq/unit 8.0 0.6 0.7 0.6 0.84 -

Electronics mBq/unit 1.10 0.34 0.16 0.16 <0.008 -

Once the simulation is performed, the output is analysed, and the contributions to the ER background
are calculated. The contribution from the continuum of higher energy peaks of 2!*Bi decays around
Qpp is negligible compared to the contribution from 2°8Tl. The decays of ®*Co can introduce a
deposition at 2505.7 MeV when decays at 1173.2keV and 1332.5 keV are detected as a single site
event [254]. The continuum contribution of this peak accounts for less than 0.01% of the external
radiogenic background. Likewise, the continuum contribution from y-rays emitted in the *Sc decay,
the daughter isotope of 44Ti, accounts for less than 1% of the external background.

Figure 3.4 shows the breakdown of the ER background rate from each detector component for a
fiducial mass of 30 tonnes of LXe target. This fiducial mass is shown as an example due to being the
target mass for previous analyses [261, 126] and containing the distinctive features from the external
radiogenic background with a high number of events. Most of the contribution to the background
comes from the PMT arrays and the cryostat. Low energy 3,y and « particles are stopped to a high
degree by the LXe itself, and few of them reach the innermost region of the detector. High energy
v and f3 particles above 2200 keV have a longer penetration path in LXe, of around O(10 cm) for a
2MeVy-ray. As a consequence, the fiducialisation of the LXe target volume becomes less effective

in removing undesired events.
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Figure 3.4: ER background rate for a fiducial mass of 30 tonne of LXe target coming from detector
materials. The most important backgrounds come from the cryostat (Ti) and the PMTs and their
electronics. The electrode frames, included in the Ti spectrum, have a negligible contribution.

For lower fiducial masses, the finite number of simulated events starts to have a higher impact. The
unavoidable low statistics in smaller fiducial masses from MC simulations due to the attenuation
from LXe motivated the development of an MC-simulated data-driven analytical model.

The first step in deriving an analytical model to reproduce the background is to study the rate of
the decay from the isotopes in an energy window of 2200-2800 keV at different fiducial masses.
The background for each isotope is described by absorption peaks above a continuum component
from Compton scatters. The absorption peaks are modelled as Gaussian functions with a spread
that corresponds to the energy resolution of the detector. The peaks taken into account are those at
energies 2614.53 MeV 2656.41 MeV and those from Table 3.2, which come from the isotopes 20817,

445 and 2B, accordingly. By these assumptions, the energy spectrum of each isotope is described

by

Bisotope = Z {ai I; Gauss(F, Efeak) + b;Continuum(E, Elpeak) , (3.4)

i

where i stands for the corresponding absorption peak at energy EY eak, I; is the relative intensity



3.2.1 External radiogenic background simulation results 79

between peaks from Table 3.2, and a; and b; are the relative intensity scales for peak and continuum

contributions. The continuum is described by

exp (—m(E — Qpp) /B

Continuum(FE, EZP eak) = K
(1+ eXP((E - B )/5)

(3.5)

where the divisor term ensures a smooth transition to the absorption peak, m is a slope parameter,
and the term F — QQgp ensures the normalisation with the Q-value of the Ov[33 decay. For 214g;,
the focus is on the 2447.86 keV peak, which falls critically close to ()gg. In the case of isotopes that
deposit a single absorption peak (2°®TI and #4Sc), the relative intensity between peaks is taken as
Iy = 1. The spectrum of each fiducial mass from 4-30 tonnes is fitted with the total background

function

Biotal = B21ap; + Baag, + B2osy, (3.6)

obtaining the scaling parameters a; and b; for the absorption peaks and the continuum. Figure 3.5

shows the fit of the total background function By, to the MC simulated data, for 15 tonnes fiducial

mass of LXe.
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Figure 3.5: ER background rate for a fiducial mass of 15 tonne of LXe target coming from the isotopes
445¢, 214Bj and 208 T1 present in detector materials from MC simulated data. The black line depicts
the total background from MC simulated data, while the blue line shows the best fit to the model
from Equation 3.6.
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The effect of the electromagnetic attenuation in LXe in the rate R is expected to follow an exponential

reduction given by
R(Mpy) o< A-exp(—B - MS), (3.7)

which is used to fit the rate, with A, the amplitude of the rate, B, a parameter similar to an attenuation
constant and C, reflecting the exponential drop of the radiation in the fiducial volume, with mass
Mrpy.

Figure 3.6 shows the scale intensity a of the 2447.86 keV and 2614.53 MeV absorption peaks from
214Bj and 2°®Tl isotope decays obtained with the fitting of Equation 3.4, for each fiducial mass. The
intensity of the peak and the continuum contribution are fitted using Equation 3.7. The statistical

error in the MC simulated data comes from a Poisson error in the energy bin for IV counts contained

in that bin.
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Figure 3.6: Left: Intensity of the 214p; decay at 2447.86 keV from the parameter as 447Mev Obtained
by fitting Equation 3.4 to the MC simulated data. The dashed red line corresponds to the fit of
Equation 3.7 to this intensity parameter. Right: Intensity of the 2°°Tl decay at 2614.53 keV from the
parameter as g14Mey Obtained by fitting Equation 3.4 to the MC simulated data. The dashed red line
corresponds to the fit of Equation 3.7 to the intensity parameter.

The parameter minimisation results from fitting Equation 3.7 to the MC simulated data, correspond-
ing to the decays of 2!4Bi, 2°°Tl and 4Sc are shown in Table 3.4. While the parameter B shows a
high consistency among isotopes, the parameter C varies by ~ 10% for each isotope. One possible

explanation is the different attenuation from material radioactivity, mainly due to two reasons: The
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attenuation length changes with energy, which would be reflected in the parameter B, and the ra-
dioactivity has a geometrical dependence not reflected in the mass term due to the location of the

detector components, affecting mainly on the term C.

Table 3.4: Parameter minimisation results from the fit of MC simulated data with Equation 3.7, re-
flecting the attenuation in the LXe fiducial mass.

Isotope A B C

214Bj peak 0.052 £0.001 3.294+0.18  0.4320 £ 0.0006
208T] peak 0.098 £0.001 3.75+0.008  0.4016 & 0.0001
448¢ continuum  0.018 £0.003  2.12+1.18 0.51 +0.02

2087 continuum ~ 0.22 +0.005  3.17 +0.04  0.43745 + 0.00001

The decay from 08Tl produces the highest number of counts in the energy region of 2200-2800 keV
and is used to constrain the other parameters. The intensity scale parameters a and b from Equa-
tion 3.4 are constrained by the intensity scale of the 2°*TI absorption peak, using fiducial masses
above 15 tonnes in order to ensure high statistics. Figure 3.7 shows as an example the ratio of the
intensity scale for 21Bi and 2°*TI absorption peaks, compared to the MC simulated data. A linear
fit is performed to extrapolate the intensity scale of 2“Bi at lower fiducial masses and constrain its
value.

The linear fit constrains the intensity scale value a for 2!4Bi, while the extrapolation from Equa-
tion 3.7 shows a slight increase. This could be due to the different attenuation lengths for a 2447 keV
y-ray compared to 2614.53 keV, which could enhance discrepancies at low fiducial masses. Nonethe-
less, the estimation of the background will be performed with the linear fit for the ratios due to its
simplicity. The slopes from the continuum of 2!4Bi and #*Sc are constrained similarly to 2°*TI.

An example of the external radiogenic background model, using the results of the minimisation and
extrapolating at lower masses, is shown in Figure 3.8 for a fiducial mass of 5 tonnes. The motivation
for choosing this fiducial mass is explained in the next section. In the future, methods to reduce the

error at lower fiducial masses should be developed.

3.2.2 Homogeneously distributed background sources

The fiducialisation technique cannot tackle homogeneously distributed backgrounds. Hence, the
proper characterisation of these backgrounds and the possible strategies to reduce them, although
challenging, are essential for the study presented in this chapter. This section provides an overview
of the distributed contributions around ROI of 0v[(33, taken as 2435-2481 keV, motivated later in

this chapter. Most models used are described in Chapter 2, although there are some changes, as
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Figure 3.7: Left: Ratio of the intensity parameter scale as 44700y from 214Bj 2447.86 keV absorption
peak and the intensity parameter scale from 08Tl 2614.53 keV absorption peak. Right: Ratio of
the continuum parameter scale b and the intensity parameter scale as.g13nev for 2°°TL The ratio
of Equation 3.7 with the scaling factors obtained from the fit is used as well to validate the model,
labelled as *Ratio Exp. Fit’. In the case of the 214Bi peak, at lower fiducial masses an extrapolation is
shown, as the values from the MC were not used to fit the model.

explained in this section.

Double beta decay of '*Xe: The two neutrino double beta (203 3) decay of 136 Xe was modelled in
Ref. [1] using the Primakoff-Rosen approximation. This approximation is a handy model to produce
the energy spectra of the two electrons described in more detail in Ref. [262]. Compared to the
model proposed by Iachello and Kotila described in the previous chapter, it does not consider the
screening nor the intermediate states involved in the decay. Figure 3.9 shows the difference between
the Primakoff-Rosen approximation and the calculations from Iachello and Kotila around the Q-value
(Qpp), where the activity of the decay is taken as in Section 2.4.

In a region between 2435-2481keV, the rate taken from Iachello-Kotila calculations is approxi-
mately 8.5 times greater than the Primakoff-Rosen approximated rate. This would result in a total
of 0.1 events after 50t - y exposure. Compared to the total background of 9.1 events in the same
exposure, the error incurred by choosing the Primakoff-Rosen approximation is negligible for this

study.
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Figure 3.8: External radiogenic background contribution from 2°8Tl, 214Bi in 5 tonnes fiducial mass
derived from the fit of MC simulated data to Equations 3.7 and 3.4.

B-decay of ®"Xe: The capture of a cosmogenic neutron by a 36Xe isotope produces 37Xe, as
discussed previously. The homogeneously diffused '*9Xe can be activated in the purification loop of
the experiment and the TPC. The 3 ~-decay, with a Q-value of 4173 keV, can contribute significantly
to the background. The production rate is taken as (7.85 4- 0.70) x 10~ !isotopes/(ty), as given in
Section 2.4. The background rate in this region can be modelled as a linear function, and it is one of

the most significant backgrounds for this analysis.

Solar neutrinos (*B): The 3 energy is above most of the endpoints of the solar neutrinos spec-

tra, except for 8B neutrinos. The contribution in the ROl is ~ 17%).

222Rn: Naked betas' from the decay of ?!“Bi, a daughter product of ?22Rn with a Q-value of
3.27MeV, are a source of background around the Ovp33 Q-value. The main technique for remov-
ing this background is the BiPo tagging, described in Section 2.4, which is taken as 99.8% [263].
Although a tagging efficiency of 99% can be derived with MC simulations, using the Geant4 frame-
work described before, the value of 99.8% was chosen conservatively. The target background rate

of 222Rn for DARWIN is 0.1 uBq/kg. Decays can also occur and be stopped outside the sensitive

'Beta particles that cannot be tagged with coincidence technique, as described in Chapter 2.
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Figure 3.9: Comparison of the expected rate of events as a function of the energy for the deposition
of the two electrons emitted by the 2033 decay of 36Xe using the Primakoff-Rosen approximation
and the calculation from Kotila and Iachello. The difference around the Q-value (2435-2481 keV) is
a factor ~ 8.5, making it negligible in the overall estimation.

volume, in the encapsulating LXe from the region where the detector is not instrumented. In that
case, the BiPo tagging becomes inefficient. Nonetheless, it has been calculated for this study that the
non-homogeneously distributed contribution is well below the aforementioned backgrounds.
Figure 3.10 shows the total background rate contribution together with a hypothetical signal with
Ty =2x 10?7y, set for comparison. The rate is calculated for a 5 tonne fiducial mass, which will be
later justified in this chapter. The spread in the curves represents the statistical error in calculating
these backgrounds. The figure shows that the most important backgrounds are from the decay of
137Xe and the detector materials contribution. From all the external radiogenic backgrounds, 46.8%
comes from titanium in the cryostat, followed by PMTs (24.3%), PMT-related electronics (12.7%),
copper (9.6%) and PTFE (6.5%).

After having identified all the background contributions, either from intrinsic backgrounds or from
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Figure 3.10: ER background model for DARWIN in the region 2200-2800 keV, together with a hypo-
thetical signal of Ty /o = 2 X 102"y for comparison purposes. The most dominant backgrounds come
from the B~ -decay of 37Xe, and the 2!4Bi peak and continuum of 2°TI from detector materials.

detector materials, an analytic background model is developed. This will be used for the statistical
inference of the sensitivity and discovery potential of the 0v 3 decay of 139Xe in Section 3.4. Only
events with energy inside the 0v33 region-of-interest (ROI) of 2435-2481 keV, defined by the ex-
pected full width at half maximum (FWHM) of the signal given the energy resolution, are considered.
Table 3.5 shows the expected contribution to the ROI of the 0v[33 decay.

Their variances are obtained either by the model fit on the spectrum corresponding to 5 tonne (28Tl
peak intensity and slope parameter of the continuum) or by extrapolation of the model parameters
from larger fiducial volumes into the low fiducial mass range (>'*Bi / 28Tl peak ratio, 2°®Tl contin-
uum / 298TI peak intensity). For the intrinsic contributions, the variances correspond to the square

of the errors listed in Table 3.5.

3.3 0vpp signal in liquid xenon

The detection of the Ov[3f3 signal in LXe is based on the two electrons emitted in the decay process.

In the standard 2v33 decay, the energy is released in the form of the kinetic energy of the two
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Table 3.5: Expected total background index averaged in the 0v[3(3-ROI of [2435 - 2481] keV, corre-
sponding event rate in the 5 tonne FV and relative uncertainty.

Background source Background index Rate Rel. uncertainty
[events/(t-y-keV )] [events/y]
External sources (5 tonnes FV):

214Bj peaks + continuum 1.36 x 1073 0.313 +3.6%
2087 continuum 6.20 x 10~* 0.143 +4.9%

445¢ continuum 4.64 x 106 0.001 +15.8%
Intrinsic contributions:

8B (v — e scattering) 2.36 x 1074 0.054 +13.9%, —32.2%
137Xe (u-induced n-capture) 1.61 x 1074 0.037 +10.0%
136x%e 20B B 4.91 x 107° 0.01 +10%
222Rn in LXe (0.1 uBq/kg) 3.09 x 1074 0.071 +1.6%
Total: 7.10 x 1074 0.910 +6%, —5.0%

electrons and the neutrinos. Hence, the electrons share the available energy of the decay (Q-value)
with the neutrinos, and the energy distribution of each electron is extended towards lower energy
values. As low energy [3 particles (<1.5 MeV), their mean free path in LXe is short, and simulations
performed in this work using Geant4 place their mean free path below ~ 5 mm.

In the Ov[33 decay, the energy of the Q-value is distributed as the kinetic energy of the two electrons.
As the electrons in LXe thermalise within O(mm), the interaction would result in single-site events
due to the detector not being capable of resolving their absorption in LXe. Bremsstrahlung pho-
tons could be emitted in the process of electron thermalisation in LXe, and they could travel longer
distances without depositing energy before being scattered and absorbed. Consequently, when the
bremsstrahlung photon induces additional interactions within the LXe, the 0v[(33 can be deemed by
the single scatter clustering algorithm as a multi-site event and therefore discarded. With the spatial
clustering algorithm using € = 15 mm the signal acceptance value is 90.4%.

The 0v[33 decay mechanism is, until this date, unknown, and the mediator could affect the angu-
lar distribution of the electrons emitted. An angular distribution generator is available, taken from
Ref. [264]. The models implemented are discussed in Chapter 1. Figure 3.11 shows the frequency
of the angular distribution based on the two different models. The generator was used to simulate
the Ov(33 decay under different models. Once the 0v3f3 signal is simulated, the results are then
processed using the clustering algorithm described previously, and the difference between models
is below the experimental uncertainty (~ 5%). Therefore, the simulations show that the DARWIN

detector cannot discriminate between the subtleties that these models introduce. Thus, the signal
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model used for this study is a mono-energetic peak smeared with the detector resolution and with a

signal acceptance of 90.4%.
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Figure 3.11: Model dependent frequency distribution for Ov33 and 2v 33, for comparison, for the
right-handed currents (RHC) and the mass mechanism (MM) models. The parameter 6;5 stands for
the angle between the two electrons emitted. Although the angles between electrons in the RHC and
MM models are different, DARWIN would not be able to identify the underlying angular distribution
of the electrons.

3.4 Inference of the sensitivity and discovery potential

The primary goal of this analysis is the calculation of the exclusion limit of a signal hypothesis ~which
is related to the half-life— of the 0v[33 process, given the expected background. Standard asymptotic
methods are not applicable in the low background regime (low number of events per bin of energy).
One option is to resort to MC simulations to infer the underlying posterior probability distribution
for the likelihood of the null and alternate hypotheses. As the total number of events is low, there
is a high dependence on the number of toyMCs performed, which consists of simulated datasets of

possible experiment outcomes. These datasets can incorporate constraints and systematic errors for
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2, Before simulating these datasets, the optimal target

the expected value of nuisance parameters
mass needs to be identified, as the shielding properties of the LXe volume will help to reduce the

non-homogeneously distributed backgrounds.

3.4.1 Target mass selection

The selection of the fiducial mass is based on a trade-off between maximising the mass for the ex-
posure while minimising the impact of the background. Only the external radiogenic background
is not homogeneously distributed in the active LXe volume, and the optimal mass depends strongly
on this rate. The approach is to optimise the mass in terms of the FoM o \ﬂM t/B) from Equa-
tion 1.60, introduced in the first chapter, and find its maximum. To obtain the external radiogenic
background rate at different fiducial masses, the fiducial volume at constant mass is optimized. The

process of selecting the optimal fiducial volume is performed by scanning values in a super-ellipsoid

t

Z+Zy\" [(X2+4+Y2\2
— <1, 3.8
<Zma$> +< R2 ( )

max

of the shape:

where Z,,qr and R4, stands for the maximum value for the dimensions Z (height) and R (ra-
dius), Zy corresponds to a vertical offset in the TPC, and ¢ gives the shape to the super-ellipsoid,
which lower ¢ values makes it more oval-like. The offset reflects the asymmetry of the TPC in the
Z-dimension, mainly given by the poorer screening power of GXe to different backgrounds. The
background accumulates around the walls of the cryostat and close to the photosensor arrays, as
shown in Figure 3.12.

The optimal fiducial volumes are used to calculate the background index from the material contri-
bution at different fiducial masses. Figure 3.13 shows the event rate of all backgrounds at different
masses, where the only contribution that increases along with the fiducial mass comes from materi-
als.

Figure 3.14 shows the FoM for different fiducial masses for a livetime of 10 y. The maximum is located

at 5t, and would be the fiducial mass for this analysis.

3.4.2 Statistical inference approach

The upper limit and the discovery potential from Ov[(33 decay is inferred with the use of MC toy
experiments (toyMCs). A toyMC data set D; contains the events from the i-th experiment performed,

where the parameter of interest for the sensitivity inference is the strength of a potential 0v {33 signal,

Parameters that are not of interest but are nonetheless profiled and taken into account in the inference.
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Figure 3.12: Fiducial cuts of the TPC in terms of the height (Z) and width (R?) with masses 5,20 and
30 tonnes, respectively. Color map: external radiogenic background hits in LXe in the energy region
2200-2700 keV.

S, related to the half-life:

1
1/2
and the number of expected events in the data set D; is given by:
s =In2(Na/mq)eieiS;, (3.10)

where N, is Avogadro’s number, m, is the molar mass of xenon and ¢;, ; are the efficiency and
the exposure in the i-th data set, respectively. Each of these possible realizations is carried out for
a discrete set of signal strength hypotheses {S;}, and a Poissonian fluctuation in the total number
of observed events pi;o; = ,uf + ,u? is incorporated. For each of these experiment realisations, the
data set of generated events at different energies is fitted with the likelihood function composed

by the signal and background models: a Gaussian distribution is assumed for the signal, while the
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Figure 3.13: ER background rate for different fiducial masses for the intrinsic background (}3"Xe,
222Rp, solar neutrinos from 8B), distributed homogeneously, and the external radiogenic background,
which is affected by the fiducialisation of the target volume.

background is described by a Gaussian distribution mounted on a polynomial of order 1 component:

L(D|S,BI, 0) = Poisson (N | t0t)
1 —(En —Qpp — 9 2
o ( ( BB ) )

2mo 202

N 1
X
};‘[1 S+ pBl 4+ B2 (3.11)

1y
202 AFE

1 — (E — Q21ap; — (5)2

B1 n Bi B2

+ uPl——exp + uP? (B +
vV 2mo < (

x [ Ce. (6n),

where ,uZB ! and ulB 2 are the expected background events in the region of interest for the 2!4Bi peak
and flat background components respectively, with u%ii = BIj; - €;, 0 is the energy resolution and §
is a shift between data acquisitions periods, taken as the energy resolution. The entire set of nuisance

parameters is defined as @ = {e,¢,0,0}. Background uncertainties from the model are treated as
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Figure 3.14: FoM calculation for different fiducial masses. The optimal mass is considered as the mass
that maximizes this function. Lower masses mean that the detector uses more passive LXe to shield
from the external backgrounds.

nuisance parameters, sampled from a Gaussian distribution,

C L a(Bge) (3.12)

On — € 701 ) 3.12
opiV 2T

where pig; is the expected value of the parameter §; and oy; its deviation.

A profile likelihood ratio is performed as a test of the compatibility of the null hypothesis against

the alternate hypothesis, defined as

—2InA(0) 4>0
Qo = (3.13)
0 <0
where (i is the signal strength, and ), the profile likelihood ratio, is defined by
)
Y 1y
Ay =4, " (3.14)
(10(1)) i< 0.
£(0,0(0))

where é(u) and 5(0) are the maximum likelihood estimators of # given the assumptions of signal
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strength of y and 0, respectively, and /i and 0 are the best fit of the parameters p and 6, respec-
tively [265].

The chosen power of the test « is defined as the probability of rejecting the null hypothesis when the
alternate hypothesis is true. In the case of a discovery, the null hypothesis represents the background-
only model, while the alternate includes both the signal model and background. In simpler terms:
in case of detection of a true signal, it is a requirement for the background only hypothesis to be

rejected with a high probability. For every signal model hypothesis, a p-value is calculated as

00
t-a=p= [ f(w]0)dn 315)
90, obs
where f (qo | 0) represents the probability distribution of the performed tests.
A discovery of a signal can be claimed when the signal strength provides a p-value corresponding
to, for example, 2.9 x 107, corresponding to a 50 significance level, which is a convention in par-
ticle physics [266]. In Ov[33 experiments is common to take the assumption of & = 3¢ or 99.87%
of rejecting the background only hypothesis, which is interchangeably reported as discovery or ev-
idence [267]. In case no discovery can be claimed, a limit of the highest signal strength that would
be compatible with the data can be placed, which defines an exclusion plot, as signals higher than
the limit would have been detected by the experiment. In this case, the alternate hypothesis to reject
is the background-only hypothesis: if the background-only hypothesis is taken as true, what is the
probability of rejecting the signal hypothesis, for each signal strength? [268]. The power of the test
is usually taken as 90% for exclusion plots, although other values are commonly assumed. The upper
limit would be the signal strength value that fulfils the required threshold. A frequentist inference

of an upper limit is performed using a one-sided test statistic based on the profile likelihood:

gs = —21In w (3.16)
L(S,BL0)

The procedure to find the distribution of p-values and confidence belts is defined as:
1. Identify a null hypothesis H( and its alternative, H;.
2. Choose a threshold «: the maximal probability of false rejection that one is willing to tolerate.
3. Derive a distribution of the test statistic under the null hypothesis.

4. Compute the p-value by comparing the observed value of the test statistic against its reference

distribution.
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5. Reject the null hypothesis if the p-value is less than the threshold «.

The probability distribution of the test statistic is found for each signal strength hypothesis, where the
used MC data simulation is generated with and without an injected signal, according to the null and
alternate hypothesis. The determination of the upper limit for each data set with this construction is
then straightforward for the desired confidence level (CL). The value of S; is found when the p-value
of the observed data for 90% CL satisfies

p= / " fasIS) d (as) < 0.1. (3.17)

Gobs

With 50,000 toyMCs sets for the S + B model and 10,000 toyMCs for the only B model, the exclusion
limit at 90% CL of TIO/”2 is 4 x 10?7y, for a 10 year exposure with a 5 tonne fiducial mass. This result
is shown in Figure 3.15.
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Figure 3.15: Calculation of p-values for different signal strengths assumed in the toyMC analy-
sis, derived from their test distribution. The red line indicates the threshold for 90% C.L., with
p-value = 0.1.

The corresponding 30 discovery potential after 10 years exposure, for the same fiducial mass, is
2 x10%7y.
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3.5 Outlook: present and future of this study

This section provides an outlook on the implications of the result given in this study and discusses
possible upgrades or improvements that could be made to the design or the analysis to further im-

prove the sensitivity.

3.5.1 Results of this analysis in the neutrino mass landscape

The calculation for the expected effective Majorana neutrino mass is given by Equation 1.54 with
the neutrino oscillation data from Ref [269]. For each possible value of the lightest neutrino mass,
the range for the effective Majorana neutrino mass is calculated by varying the Majorana phases o
and o, as explained in Chapter 1, and the phase factor and nuclear matrix elements from Refs. [152,
154, 153]. Figure 3.16 shows the effective Majorana mass term as a function of the lightest neutrino
mass. A scenario under the assumption that the background is dominated only by the irreducible
solar neutrinos, and all other backgrounds can be mitigated, is used, and a FoM of 7 x 1027 can be
achieved. The neutrino-dominated background scenario is also included in Figure 3.16, labelled as
neutrino dominated. This limit does not necessarily need to be realistic; however, it is a useful tool to
estimate the impact of different background suppression techniques.

Future dedicated 0v[3[3 decay experiments using xenon, like KamLAND-Zen (mgg: 25-70 meV, af-
ter 5 yr), PandaX-III (20-55 meV, 5 yr), NEXT-HD ( 13-57 meV, 10 yr) [270] and nEXO ( 8-22 meV,
10 yr), are aiming for a similar mgg reach as DARWIN. They are complemented by experiments using
other isotopes like SNO+-II (*°Te, 20-70 meV, 5 yr), CUPID (}3°Te/!®°Mo, 6-17 meV, 10 yr) and
LEGEND-1000 ("°Ge, 11-28 meV, 10 yr). The values are taken from Ref. [271].

3.5.2 Future Ov[3f3 detection with DARWIN detectors

There are alternatives in the detector design and techniques to the ones presented in this chapter
that can help to improve the results presented above. The most significant backgrounds come from
materials and the beta decay of 137%e  and their reduction is not trivial. However, the radiogenic
activities assumed for the materials, as Table 3.3 indicates, contain, in many cases, upper limits of
the samples and not measured values. It could be possible that these values are indeed lower than the
ones assumed in the simulations. For that reason, detailed and specific screening procedures must be
developed in order to reduce the radiogenic contribution to the background of 2'*Bi and 2°%Tl from

materials.
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Figure 3.16: Limits from DARWIN experiment translated to the effective Majorana neutrino mass,
where the inverted and the normal neutrino ordering regions are shown. The solar neutrino domi-
nated limit represents an irreducible background for all LXe detectors.

The 13"Xe background reduction requires dedicated studies. There are some possible techniques for
its reduction, such as a coincident muon and gamma emission veto or directional measurements of
the muon track with the neutron veto. These two techniques allow the tagging of the potential acti-
vation of xenon by cosmogenic neutrons. As an example of veto techniques, the EXO Collaboration
uses a coincident veto of w + ycascade from the neutron capture that produces '*"Xe. By detect-
ing the capture of the neutron, a veto of 5ty /5 (t1/2 ~ 3.82 m) is used to remove potential 137Xe

induced background [272]. Nonetheless, if the approximate flux of muons in LNGS is 2-3 muons
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per hour [238], then a veto would imply a 1/3 of a year of downtime, which is undesirable for any
search. The second technique could imply a group of photosensors in a water Cherenkov tank that
register and reconstruct the tracks of the muons. The information collected from each event could
tell, for example, if the muon entered the TPC, the presence of a gamma cascade, and the disap-
pearance of such muon. Additional algorithms could reconstruct the energy of the muon and the
probability that it would be captured by the detector materials. The probability that the muon could
induce a neutron, based on the reconstructed path and its distance to the sensitive volume, could
also be used to develop a veto. There are multiple properties to be studied, such as the probability of
a muon producing a neutron and that neutron being captured by 136Xe, which would later produce
a gamma. Another option is to locate the detector in a deeper underground laboratory. More studies
will provide the necessary tools to develop these techniques fully.

An alternative to the proposed scenarios would be to enrich the xenon target with 13°Xe. The impact
of the enrichment of 36Xe in other physics channels has not been studied. However, 2033 decay of
136Xe is one of the highest backgrounds in the low ER region ( 1-100 keV). The enrichment could be
scheduled after the dark matter, and solar neutrino searches end. The enrichment would entail as well
the increase of 137Xe beta decay background in the ROL Nonetheless, if one considers Equation 1.60,
assuming a linear increase of the 137 Xe decay rate in the background, the increase behaves as a square
root function. The enrichment is directly proportional to the signal rate, and there still would be a
positive impact on the sensitivity by enriching the target. Figure 3.17 shows the different scenarios

with enrichment by using Equation 1.60 rewritten in terms of the '3"Xe background rate as

B = Byat + By + Bry + &(Boypp + Bisrxe), (3.18)

where Byqt, By, Brn, B2,pp stand for the material, solar neutrinos, radon and the double beta decay
contributions in the ROI, respectively. The factor « stands here as the enrichment of natural xenon
with 136Xe, and an exposure of 10 years is assumed. The maximum of the distribution is shifted, on
the X-Y plane, towards higher fiducial masses.

On the analysis side, boosted decision trees and other machine learning methods have become a
great tool for particle physics and Ov[33 experiments [273]. Using them would allow exploring the
likelihood of a waveform to be a significant event based not only on its energy but also on the distance
to the closest surface and different single-site/multi-site scores based on its hit pattern [274, 275]. It
might be critical, in order to feed signals to these algorithms, to design a clever system to calibrate the
detector around the ROI of the 0v[3 3 decay of 36Xe, which can help to shed light on the differences

in the charge distribution between y and 3 particles around that energies.
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Figure 3.17: Surface plot of how the level of enrichment in 13Xe will affect the sensitivity 0v[33
decay of '36Xe. The red 3D-surface shows the sensitivity that could be achieved by the combination
of enrichment and increasing fiducial mass. The blue shadow on the Mass-'3%Xe plane indicates
region of higher sensitivity with darker shades of blue. The maximum sensitivity for almost 100%
enrichment can be achieved with a fiducial mass around 10 tonnes.

In conclusion, an observation of the Ov[(33 decay process will prove that neutrinos are Majorana
particles, a discovery that will shed more light on BSM physics. DARWIN could be competitive with
other dedicated 0v[3 3 decay experiments, with an aimed limit sensitivity of 4 x 1027y at 90% CL. The
background is dominated by the beta decay of !3"Xe and the external radiogenic background. As a
consequence, improvements for these two backgrounds have been discussed, and special techniques
could be developed in the future for background suppression. Further enrichment above the natural
abundance of '35Xe can help to improve the sensitivity in this channel, and it should be considered

after carefully assessing its impact on other physics channels.



Chapter 4

Solar axion detection in DARWIN

I do not believe that the Lord is a weak left-hander, and I am
ready to bet a very high sum that the experiment will give
symmetric angular distribution of the electrons. I do not see
any logical connection between the strength of an interaction

and its mirror invariance.

— W. Pauli

Now, where shall I start? It is good that I did not make a bet.
It would have resulted in a heavy loss of money (which I can-
not afford); What shocks me is not the fact that “God is left-
handed” but the fact that in spite of this He exhibits Himself
as left/right symmetric when He expresses Himself strongly.

— W. Pauli, on the discovery of CP violation by C. Wu

In the previous chapters, we discussed the different backgrounds that contribute to the high-energy
region of the DARWIN detector. We used the background contribution model to estimate its reach
to the search for the monoenergetic peak of the potential 0v decay of 36Xe. In this chapter, we
will focus on modelling backgrounds in the low end of the ER spectra. This region is of particular in-
terest for complementary searches besides the standard WIMP search, such as hidden photons [276],
mirror dark matter [277], leptophilic dark matter [278], and neutrino properties [279]. Additionally,
axions and ALPs could leave their imprint in the low-energy region of a LXe detector. Axions might

be produced in the Sun, and the recoil energies induced in the xenon target would fall in the region

98
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below 20keV. DARWIN will have an unprecedented low background in the ROI of solar axions,
due to the reduction of ?22Rn and %Kr below the pp-neutrinos rate, which offers an opportunity to
explore the parameter space for the axion couplings. The chapter will be organised as follows: In
Section 4.1, we discuss the production mechanisms and the expected fluxes from axions produced in
the Sun. Section 4.2 presents a discussion on how axions could interact with xenon atoms. There-
after, the expected fluxes and the potential interactions are combined in Section 4.3 to calculate the
expected interaction rate of solar axions in the DARWIN detector, together with the background
model at low energies. Section 4.4 describes the statistical framework for the inference of the sensi-
tivity and discovery potential and the results obtained. Finally, Section 4.5 presents a discussion on
the implications of these results, together with possible future improvements towards detection in

this channel.

4.1 Solar axions: production and expected fluxes

Our closest star is responsible for producing multiple particles that reach the Earth due to different
stellar and nuclear processes in its core. This section will discuss the potential production mecha-
nism of axions: hypothetical particles that would provide the missing piece in the strong CP puzzle

discussed in Chapter 1.

Primakoff flux

Stars could produce axions from thermal photons in electromagnetic fields of the stellar plasma when
a photon converts into an axion in the field of a charged particle [280]. The Primakoff process in the
Sun was the first to be studied for axion production. It is dominant in hadronic models such as
KSVZ [281], where the axion-electron coupling is absent at the tree level. By using the transition
rate of a photon to an axion of the same energy, and taking into account the screening scale in the
plasma with a Debye-Huckel approximation at a temperature T, an approximation to this flux can

be found as [280]

do

—dl; = 9%06.0 x 1010 p2481=E/1.205 (=2 g=1gkey—1 (4.1)
where g10 = gay+/(10719GeV 1) and g4 is the coupling parameter of axions to photons in a two-
photon vertex interaction for an axion of energy E. This flux has an average energy of 4.2 keV and

a maximum around 3.0 keV.
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Flux from ABC reactions

The axion-electron coupling is responsible for the flux that comes from the ABC reactions (Atomic
axio-recombination and axio-deexcitation, axio-Bremsstrahlung in electron-Ion or electron colli-
sions, Compton scattering). Figure 4.1 shows the Feynman diagrams for all the previously mentioned
axion-photon and axioelectric-interactions. Due to the atomic composition of the Sun, electron-ion
and electron-electron axio-bremsstrahlung dominate the solar flux. While the ionic metal content
in the Sun is low (see Table 4.1 with the photospheric' composition of the Sun), axio-recombination
has a contribution due to its larger cross section compared with those of bremsstrahlung and Comp-
ton [282]. The ABC flux is dominant in non-hadronic axion models where the axion-electron cou-

pling can appear at the tree level.
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Figure 4.1: Primakoff and ABC postulated interactions of axions with electrons and atoms. Feynman
diagrams from Ref. [283].

The ABC flux was calculated by J. Redondo in Ref. [283] by considering the Sun as a plasma in
thermal equilibrium. In this scenario, the photon absorption and production rates are related and
can be calculated using available monochromatic photon radiative opacities libraries. The results in

relative fluxes and luminosities are:

Sp: Do Dy =64.9:7.6:27.6 (4.2)

'Photosphere is the deepest region of a luminous object that is transparent to photons of certain wavelengths.
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Table 4.1: Solar photospheric abundances given as log €; = log N; /N +12, where Ny is the number
density of the element, and N is the number density of hydrogen in the Sun [284].

Element Abundance [loge] Element Abundance [loge]

C 8.43 Si 7.51
N 7.83 S 7.12
0] 8.69 Ar 6.40
Ne 7.93 Ca 6.34
Na 6.24 Cr 5.64
Mg 7.60 Mn 5.43
Al 6.45 Ni 6.22
Fe 7.50
Lp:Lo:La=514:15.6:33. (4.3)

Nuclear transition fluxes

Additional to the coupling of the axions to electrons or photons, a coupling to nucleons is considered.
An M1 nuclear transition from thermal excitation of 5"Fe could produce an axion. The first excited
state is at 14.4 keV. The solar core contains a natural abundance of ®"Fe of 2.12%, translated to an
average number density of (9.0 & 1.2) x 10%em™3. This value is obtained by assuming that the
isotopic abundance of 57Fe in the Sun is homogeneous and identical to the one found on Earth. The
number density is found by multiplying the photospheric abundance with the isotope abundance
on Earth, from Refs. [284, 285]. Table 4.1 shows the photospheric composition of the Sun. The
uncertainty comes from the different metal diffusion models in the core, computed in Ref. [286].
The expected flux is given by the axion-to-photon branching ratio for the decay of the first state of

5TFe[287, 288]:

ko \? 2
o, = <ka> x 4.56 x 1023 (gf’ﬁv) cm™? 57, (4.4)
Y

where k, is the momentum of the outgoing axion, k, represents the photon momentum, and g%\, =
(— 1. 19921 N+ gi N) stands for an effective coupling that combines the iso-scalar and iso-vector cou-
pling constants, ¢ y; and g3 . The new parameter gﬁg\, is model-independent and relates not only to
the axion-nucleon coupling, but it can be interpreted as nucleon coupling to any axion-like particles

emitted in the M1 nuclear transition.
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Figure 4.2: Solar axion flux from the Primakoff, ABC interactions and nuclear transitions. The cou-
pling parameters g, = 5 X 1012, Gayy = 2 X 1071% and g4, = 1 x 1075, are assumed.

4.2 Solar axion interactions with liquid xenon

Axioelectric effect: The axioelectric effect is a process equivalent to the photoelectric process, in
which an axion is absorbed:

atet+ 2 —e+ 7.

The relation between the cross sections for the axion absorption and the photoelectric effect can be

approximated as [289, 290, 282]

P 3E? 83
UAe(E) = Uabs(E)?eW 1- ? s (4.5)

where [ and FE are the relativistic velocity and the energy of the axion, respectively, m,. is the electron
mass, « is the fine structure constant, and o, is the cross section for photoabsorption in LXe. The
photoabsorption curve in xenon, provided in Ref [291], is approximated by log-log cubic-spline fits
as a function for energies above the K-shell absorption edge. Below that shell, a linear interpolation

is used to fit each separate shell to avoid the error by interpolating across absorption edges. The
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linear fit in the log-log scale is equivalent to assuming that the photoabsorption cross section is
proportional to the power of the photon energy, giving better results than the log-log cubic-spline

fit. The photoabsorption in xenon is shown in Figure 4.3.
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Figure 4.3: Cross section of the photoabsorption process in xenon. The process is analogous to the
one of an axion being absorbed in the atom, and it is used to calculate this cross section. Data from
Ref [291].

Inverse Primakoff effect: The incoming axion can be converted into a photon through the elec-
tromagnetic field generated by the atom. Previous studies have mentioned the potential contribution
of the inverse Primakoff process in LXe [292, 293]. For solar axions, whose wavelength is similar to
or higher than the atomic size?, the effects of the atomic form factors are significant. The atomic form
factors represent how the charge distribution screens the internal electric field, and it is defined as
the Fourier transform of the charge distribution of the electrons in the atom. In other words, it pro-
vides the amplitude of the scattering of a single waveform with the atomic electrons [294]. The cross

sections for the coherent and incoherent interactions depend on the distribution of the electrons in

27hc

The de Broglie length of the solar axion (E ~ 2 keV), with the relativistic approximation, would be A = % = e

where fic = 1973eV A, and A ~ O(4 A)
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the target. For a coherent interaction, it can be written as [295]

2

d iy B°Pa sin® 0 ‘
ool 9aryE7Pasin /d3a:ezq.m (Aolp(a)|A0)]| (4.6)

dQY 1672 (E? + p2 — 2Ep, cos 0)?

where F is the energy of the axion, ¢ = p., — po with p the momentum of the outgoing photon and
axion, respectively, 6 is the scattering angle, p(z) is the charge density operator, and | Ag) the ground
state of the atom A. By replacing the charge density operator with the charge of all electrons, minus

the correction for the correlation of electron interactions, the cross section can be written as:

do agZ, Ep,sin® 6
dQ  4An (E? + p2 — 2Ep, cos 9)2

1Z — F(q)I, (4.7)

where F(q) = Y, (Agle 0%

total cross section can be obtained by integrating over the solid angle and the allowed energies of

A0|e_iq'mi> is the atomic form factor, and Z the atomic number. The

the axions

o=— dg 1Z - F(q)? (4.8)

ogt,, (e |0 = (E—p)*] [(E+pa) — ¢
8 /Epa n2d

Some experiments rely on the enhancement by Bragg scattering in crystals to detect the inverse
Primakoff process, where the photon-axion transition probability is determined by the field seen by
the axion and the penetration depth in the lattice [296, 297]. In Ref. [295], Nagata et al. implement the
atomic form factors obtained in Ref [298] by using Relativistic Hartree-Fock (RHF) methods, which

are well approximated by the empirical formula:

+ ¢, (4.9)

F(q) ~ Z a; exp [—bi <|4‘jr|>2

=1

with a, b and c empirical parameters. The total cross section is obtained by integrating Eq. 4.8. Alter-
natively, Gao et al. [292] and Dent et al. [293] assumed initially that the atomic form factors follow a
spherically symmetric Coulomb potential with a screening radius 9. Compared with Nagata et al.,
their results show more than an order of magnitude difference in cross sections, more pronounced
at low energies. Figure 4.4 compares the two models for the atomic factors used.

Both papers from Gao et al. and Dent et al. have updated their results following the results from
Nagata et al. In addition to the coherent scattering, the cross section for inelastic processes can also

be calculated in a similar manner as
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Figure 4.4: Atomic form factor comparison between the RHF values from Ref. [298] and the screened
Coulomb potential, used initially in Refs. [292, 293]. Nagata et al. were the first to show the relative
high discrepancy between both assumptions.
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S(q,2). (4.10)

Compared to elastic scattering, inelastic scattering becomes more important at low energies (around
2keV), as the wavelength of the incoming particle is not sufficiently large to scatter the whole atomic
nuclear radius coherently. The comparison of both cross sections is shown in Figure 4.5. It can be
noted from Eqgs. 4.10 and 4.8 that the only difference with the coherent cross section is the factor
S(q, Z). Independently of the coupling parameter, the incoherent cross section will be larger than
the coherent interaction at lower energies.

The inverse Primakoff contribution in LXe does not have the enhancement of the coherent inter-
action with a crystal, a property exploited in other experiment searches [299, 300, 301, 302, 303].
Figure 4.6 shows the cross section for the axioelectric effect compared with the sum of the coherent

and incoherent inverse Primakoff processes in LXe.
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Figure 4.5: Atomic form factors of the coherent and incoherent inverse Primakoff effect compared.
Atlow energies, the axion cannot scatter the whole nucleus coherently, and the incoherent scattering
becomes more dominant.

4.3 Solar axion rate in liquid xenon

The estimation of the total rate in LXe of solar axions from the three different fluxes includes both the
possibility of axioelectric and inverse Primakoff interactions. The inclusion of the inverse Primakoff

process results in three additional terms to the signal model, compared with Ref. [248]:

dR Ny [ dPABC dPPrim AP Fe
At 4 @ (F @ (F ~—(E
iEn n(ER) 1 ( 1E (ERr) + y (Er) + 5 (ER) (@11

x (oIP (BR) + 04c (ER))

where Jé‘i’f;rim = givPrim 4 FinvPrim - The rate is affected by the detection efficiency n(Eg) of
the signal reconstruction, which is energy-dependent and reduces the sensitivity at low energies.
The detection efficiency is taken from the XENON1T ER search [248], derived from different signal
quality cuts, single-site reconstruction cuts and threefold coincidence in PMTs from the combined
energy scale from S1 and S2 signals. Additionally, the energy threshold, assumed to be at 1keV, is

artificially added to this efficiency, as shown in Figure 4.7.
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Figure 4.6: Comparison of the cross section of axioelectric effect with the sum of the coherent and
incoherent inverse Primakoff effect, assuming gge = 5 X 10712 and Jayy = 2 X 10719 Gev—1.

The reconstructed signals are smeared by the energy resolution of the detector at low energies (ob-
tained from the fit of the Equation 3.1 to data) from XENONI1T [125]. The values assumed for the
energy smearing are a = 0.339 and b = 2.3 1073, Figure 4.8 shows the expected rate in DARWIN in
a tonne-year exposure for each flux, where both detection channels are summed in the same curve.
Noticeably, the ABC and the Primakoff flux share the same energy region. In contrast, the nuclear
flux, which is affected by the coupling to axions and photons, is recognisable further away in the
energy space.

The coupling parameters appear combined in most of these terms. Since all these interactions pro-
duce photons or electrons at low energy, they are treated as single-site interactions due to the short
mean path. In this analysis, we consider a model-independent approach, where the coupling con-

stants are unconstrained free parameters.

4.3.1 Expected background rate around the region of interest

The background around the energy of the discussed solar axion fluxes limits the discovery potential of
an experiment. The extent of these background sources has been thoroughly discussed in Chapters 2
and 3. Consequently, in this section, we will only focus on those that appear in the low energy

region (i.e. 0-20 keV) around the signal model of solar axions. In this region, we have as background
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Figure 4.7: Signal reconstruction efficiency in the low energy region, with an artificial threshold
assumed to be 1keV. The detection efficiency curve is taken from Ref. [248].

components the solar neutrinos (mostly from pp-neutrinos, with a smaller component from "Be), (3-
decays of 222Rn, ®5Kr, the 2vf33 contribution from 136e and the beta decay of its activated nucleus
from neutron capture, 3"Xe. The background model also includes multiple lines from the double
electron capture of 124Xe. The isotopes 2!4Pb, 2!2Pb and ®Kr contribute to the low energy region
due to their low energy beta emission. As discussed in Chapter 2, their decays to the ground state of
the daughter nuclei produce no y-rays or conversion electrons and their removal through multi-site
or coincidence cuts is thus not possible. In DARWIN, the low-energy gammas from detector materials
are strongly screened by the target LXe, and at lower fiducial masses, they will contribute negligibly
to the background rate. However, they are still accounted for in the background model. Figure 4.9
shows the expected background counts in the region 1-20 keV for different fiducial masses.

The chosen fiducial target to extract the material background is 33 t, which will be justified later in
this chapter. Figure 4.10 shows the expected background around the ROI for solar axion detection
(1-20 keV) after the detection efficiency curve and the smearing by the energy resolution is applied.
The most dominant backgrounds around these energies are the 2v[33 decay of *6Xe and solar pp-
neutrinos. Table 4.2 summarises the contribution of the different backgrounds with their activity

uncertainty.
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Figure 4.8: Expected rate of events from ABC, Primakoff and °Fe fluxes via axioelectric and inverse
Primakoff effects in LXe, assuming values for the coupling constants of: gse = 5 x 10712, g4 =
2 x 107°GeV~! and g4, = 1 x 1075, The energy smearing, threshold and detection efficiency of
the detector is applied.

4.4 Procedure of the statistical inference of upper limits and discov-

ery potential

The statistical inference procedure is performed similarly to the one described in Chapter 3. However,
there is a difference compared to the 0v[3 3 search, where the signal model is a monoenergetic peak at
a known energy, and only one parameter of interest is involved in the inference. The search for solar
axion implicates three fluxes that can be detected in two different channels. Consequently, the three
coupling parameters of interest are mixed for the rate of each signal model. Since three parameters
are entangled, asymptotic methods are highly non-trivial in this case. Given Equation 4.11, it can

be shown that the coupling parameters are mixed in the event rate for each signal channel coming
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Figure 4.9: Background contributions in the region 1-20keV for different choices of fiducial mass.
The surrounding LXe strongly screens the detector materials background at lower fiducial masses.
The biggest contributions, when the material background is negligible, arise from solar neutrinos (pp
neutrinos, with a smaller component of "Be neutrinos) and the 2vf3 {3 of 36Xe.

from the flux of solar axions,

N — & 2 2 invPrim E 4 E d¢$BC E
ABC — A (gaegafyfyga—w ( R) T YaeSae ( R)) dE ( R) s (4.12)
NA invPrim d¢Prim
Np = A (g;l"/’yga—\gpv (ER) + ggwgge%e (ER)) daEJ (ER) , (4.13)
Nr = & 2 2 invPrim E 2 2 E ge E
Fe = A (gfmgawga—w ( R) + gangaegae( R)) dE ( R) ) (4.14)

dsg — dog /2 déw _ dg /2 . . . _ i
where 5% = 72 /g7, and ;7 = % /g7 are reduced versions of the cross sections. Given this nota

tion, the rate of ABC axions, for example, detected via the axioelectric effect would be proportional
d ABC
to NaBCy, X gtcSac(ER) iz (ER).

Before continuing with the description of the inference procedure given the signal and background

model, a Poisson counting approach to select an optimal exposure and parameter space to scan over

will be discussed.
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Figure 4.10: Background contributions in the region 1-20 keV. The most relevant for this analysis
are the double beta decay of 3Xe and the solar neutrino from the pp chain and "Be electron capture.

Table 4.2: Background rate in the region [1, 20] keV in the ER channel. Solar neutrinos interacting
with the detector (mainly pp-neutrinos) and the double beta decay of '35Xe account for more than
85% of the total background.

Source Assumptions Rate [(ty)~!] Uncertainty [(t y)~!]
Solar neutrinos pp and "Be 40.5 24
136Xe T}/, = 2.165y 28.7 43
2l4pp 0.1 uBg/kg 7.48 0.75
BR =0.109 £ 0.01
124Xe TP R0 = 1.1 x 10y 3.63 0.73
LM, LN, LL from EC peaks
Materials MC simulations (GEANT4) 1.13 0.28
85Kr 85Kr /" Kr = 1.7 x 10~ !*mol/mol 0.36 0.07
2 ppq " Kr/Xe
212pp 220Rn/#22Rn ~ 0.3% 0.18 0.02

Total background rate  (81.95 £6.15) (ty)~!
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4.4.1 Selection of the exposure and parameter space to scan

A simplified counting analysis was used for the exposure optimisation, following the procedure in-
dicated in Ref. [267]. The method relies on simplifying the problem by counting expected signal and
background events as if they were in the same bin and treated with Poissonian statistics. It does not
consider the signal shape and background energy spectra. This method allows for avoiding com-
putationally expensive toy Monte Carlo (toyMC) to select the optimal exposure range at the cost of
losing the precision that the shape parameters in the likelihood offer. As a simplified method, it does
not consider that the signals could lie in the same energy region nor the correlation between signal
rate and coupling parameters; thus, the signal models are treated independently.

Given an expectation of background counts in the ROI, B = B¢, where € stands for the exposure
in [t - y] and B is the background index in units of (ty)~!, we aim to find the signal expectation at
which 50% of the experiments would report a 90% fluctuation above B. First, the Cq, total counts
are found by requiring the Cumulative Density Function CDF(Cyqy,, B) = 90%, defined as
I'(C+1,B)

CDFpoisson (C ‘ B) - F(C + 1)

(4.15)

where its definition is via the normalised upper incomplete gamma function I'. Consequently, Sgq;,
the signal counts at 90% CL, is found by requiring the survival function SF(Cqqe, Sggy, + B) to be
50%, obtaining a median sensitivity in the case of an excess. The survival function SF' is defined as

the complementary CDF, i.e. SF =1 — CDF.
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Figure 4.11: Median sensitivity in case of a 90% significance for the axioelectric (right) and Primakoff
(left) couplings, using a counting approach as described in Ref. [267] and this section.

Using this approach, the optimal fiducial mass is found by calculating Sqqe from scanning back-

ground indices for each fiducial mass. The background index for each mass due to the contributions



4.4.1 Selection of the exposure and parameter space to scan 113

of materials is shown in Figure 4.9, where at lower fiducial mass (i.e. longer attenuation paths)
the background coming from materials is strongly suppressed. This is performed for a signal arising
from the ABC flux in the axioelectric channel, where the rate is oc g2, (see Equation 4.12). Figure 4.12
shows the result of this scan, where the optimal fiducial mass results in 33 t. The same procedure is

performed to find an optimal range for the coupling to nucleons, gqn.
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Figure 4.12: Calculated g, values at 90% C.L. by varying the fiducial mass, and thus, the expected
background rate due to the decreased attenuation of the material background at higher fiducial
masses. The minimum is around 33 t, which is taken later for the sensitivity analysis.

This approach can also be used to find the optimal exposure that will be taken to calculate the sen-
sitivity. Figure 4.11 shows the result of applying this approach to the couplings g4 and g,,~ and
varying the exposure, using the background index that corresponds to 33t. The rate terms that
mix the couplings are neglected. After one year of exposure, the coupling reach improves slowly.
Longer exposure will place stricter limits, with the caveat of longer simulation times for the toyMC-
generated data. Thus, an exposure of 33ty is assumed here to optimise computation time.

A scan in the parameter space of the axioelectric and the Primakoff coupling is performed to obtain
an estimated map of the significance of a signal S based on the expected number of signal events
given the background B. The exposure is taken as 33ty. This scan takes into account the event
rates from Equations 4.12, 4.13 and 4.14. Figure 4.13 shows the significance scan for the couplings

Jae and gqr~, assuming g = 0, where the significance is taken as the usual chi-square® limit of

* Assuming the validity of Wilk’s theorem
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S/ \ﬂB) The scan provides an estimation of the region in the parameter space where the signal
is well below a detection or constraint limit. The same procedure is repeated for the third coupling
parameter not shown in the figure, g¢ . This first analysis motivates the region to scan without the
need for more complex methods. Observing a signal below 1 x 10719 GeV~! and 1 x 10~'2 for the
axion photon and axion electron couplings, respectively, is likely out of reach for the experiment

given the background level.

10—10 4

9arr[GeV ]

Yace

Figure 4.13: Scan in the g, — gay~ of the signal significance, calculated with a chi-squared limit.
The scan only serves as an estimation of which regions are out of reach for the detector, given its
background and exposure.

It can also be useful to calculate the rate of events from the ABC flux detected via the axioelectric
effect compared to the background rate. Due to the allowed region for g,. and g4+ and the cross
sections for axioelectric and inverse Primakoff effect, LXe TPCs are more sensitive to the ABC chan-
nel detected via the axioelectric effect. Following this observation, the expected background rate
and the expected signal rate from the ABC flux detected via axioelectric effect for 33t is shown in
Figure 4.14, for different values for the axioelectric coupling parameter gq.. With this simple com-
parison, it can be inferred that reaching values below 1 x 10~!? represents a challenge. It should
also be noted that the previous estimations do not take into account the shape of the pdf from the
background or signal hypothesis, which will be used in the next section for the toyMC production
and fitting.
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Figure 4.14: Expected background rate and expected signal rate from the ABC flux detected via the
axioelectric effect for 33t in the energy region 1-12keV. The blue band represents a Poissonian
uncertainty in the background calculation.

4.4.2 Upper limit inference

The inference procedure is performed by profiling the log-likelihood ratio, where the unbinned ex-

tended likelihood is given by

L (s, py, 8) = Poisson (N | pitot)

N

X H € ,J/bjfbj (Ei7 0) + Z /"LSkak (Ei7 0) (4.16)
; k

)

X H Cun (,ubm) X H 09” (Hn) )

where 5, is the expected number of signal events in the channel k, p;; the expected number of
background events in the component j, fy; is the pdf of the background j, fs is the pdf of the
signal in the channel k. The error in the efficiency curve given by 7, taken from the data provided
by the ER analysis in XENONI1T from Ref. [248], is approximated to 10% over the extent of the
ROL The terms Cpy, and C),,, are soft constraints on the nuisance parameters given by shape or

expectation signal uncertainties. The expectation values for each background components yy,; are
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the ones listed in Table 4.2. Table 4.3 shows a summary of the model assumptions of the pdf (fy;)

for each background component.

Table 4.3: Description of the models for the different sources incorporated, where the pdf from each
source, fp; and the expected background strength 1, for the component j is shown.

Source fsk or fp;
ABC flux detected via axioelectric/inverse Primakoff Template pdf
Primakoff flux via axioelectric/inverse Primakoff Template pdf
5"Fe via axioelectric/inverse Primakoff Gaussian
Solar neutrinos Template pdf
136 Template pdf
214pp Chebychev O(1)
124xe Sum of Gaussian peaks
85Kr Chebyshev O(1)
212pp Chebychev O(1)
Materials Chebychev O(1)

The sum of the six signal pdf's and the seven background pdf's listed in Table 4.3 comprise the total
model. Each signal pdf has a corresponding factor related to the coupling parameters, as shown
in Equations 4.12, 4.13 and 4.14. The parameter fi5,,, = >, s, is the sum of all rates in Equa-
tions 4.12, 4.13 and 4.14 given the coupling parameters, and it is allowed to change given a Poissonian

expectation. The square of the coupling parameters

~( Yae \?
9= 1012

gb::(fgi%)g (4.17)

. ( Jan )2
9¢=\10-6/) -

appear combined in the six expected signal channels as

Nape,, < ga*,  Napc,, < ga- gb
NPu,e cha‘.gb7 NPiP 0<ng (418)

NF@anC-ga'gcﬁ NFeiP O(gbgb R

where the labels iP and ae stand for detection in the inverse Primakoff and axioelectric channel,
respectively.
Each toyMC dataset is sampled given the values to scan of gse, gayy and gq,. The parameters ga,

gb and gc are fitted in each toyMC experiment realisation, and the total expected number of signal
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events given the sum of each channel k is allowed to float but fixed in a limited range of its Poisso-
nian uncertainty. In this way, the coupling parameters appear in the likelihood as ‘shape’ parameters
of the signal pdf. The soft constraints are implemented as Gaussian functions, centered around the
expected value of the background components—which are left floating— with the uncertainties com-
ing from either different experiments, simulations, or theory, explained in Chapter 2 and shown in
Table 4.2 for this specific ROL The nuisance parameters are resampled in each toyMC event. The
confidence volume is defined as the volume boundary where o = 0.1 for the case of a limit.

Using a two-sided or one-sided test statistic depends on the assumption that the experiment will
exclude a parameter or make a discovery. The coverage of both statistical tests is correct by con-
struction, but deciding which one to use when one observes real data results in the so-called flip-flop
issue, discussed in Ref. [304]. Feldman and Cousins proposed a method using Neyman construction
of intervals. A discovery can be claimed if there is a convergence in the lower limit to a value differ-
ent from zero. If this value does not converge to a value different from zero, then one has the usual
one-sided test for an upper-limit calculation.

The test followed to determine the limits is the Feldman-Cousins likelihood ratio, where the ordering

principle for the confidence belt construction is the decreasing likelihood ratio:

L (,Us, b, 9)

R(us,0) = r (ﬂs,ﬂb7é) :

(4.19)

The computation of the confidence volume for the three coupling parameters is performed by gen-

erating toyMCs, where the following algorithm is applied:

1. At the considered value of gue, Gayryo> Jano» generate a toyMC experiment by sampling the pdf,
where the number of events p is calculated with the background and signal expected events

with a Poissonian fluctuation.
2. Compute Equation 4.19 for the toyMC experiment.
3. Compute Equation 4.19 for the observed dataset.

4. The 1 — CL = 1 — « (uo) is given by the fraction of toyMC experiments that have higher
R(ps, 0).

The confidence volume of coverage o for the true parameters gues Gavyyos Gano Py the 1 — CL

algorithm is given by:

Iy ={p|1—=a(m)>1-a}, (4.20)
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where 1 — « (po) is the value obtained in the fourth step of the algorithm mentioned before. The
library used for the statistical inference was zfit [305], a Python-based framework for model building
and fitting. The model was first validated by injecting a signal given by the Equation 4.17 parameters

taken as

ga =4
gb=14 (4.21)
gc = 0.001,

which imply gee = 2 X 10712, Jayy = 2 X 1071 and g4, = 1 x 1078, in order to study only
the correlation between the ABC and Primakoff flux components. The total number of events for
an exposure of 33ty is allowed to float with a Poissonian fluctuation. Figure 4.15 shows a corner
plot of all the nuisance and signal parameters, with median and one standard deviation quantiles
marked in grey for 10,000 toyMCs. The distribution of the best values for each ,; follows a Gaus-
sian shape, as expected when there are no unstable minima for the likelihood function. The contour
plots outside the diagonal provide information about the correlation between the parameters. As
expected, backgrounds with linear pdf's show a slight correlation but have no substantial impact
on the minimisation due to the combined number of expected events. The values for the pi5o1ar-v
and povpp hypotheses show at first glance a correlation, but the origin can be explained due to the
relatively high uncertainty in the pogp background, as shown in Table 4.2, and it does not origi-
nate from minimisation or model instabilities. The parameters ga, gb and gc are recovered in the
minimisation of each toyMC. The ABC and Primakof fluxes overlap in the same energy region and
have no distinctive features. Therefore, a correlation between the two parameters is expected. The
minimisation of the likelihood is performed successfully for a signal hypothesis containing three
parameters proportional to the signal rate. The minimisation of each toyMC is successful in repro-
ducing the initial parameters without a rigid constraint (i.e. setting narrow limits on the parameters)
or strongly biasing their terms, as nuisance parameters are allowed to float. Only soft penalty terms
in the likelihood function, C,,,, (u,,) and Cp,, (6,,), prevent the nuisance parameter estimator from
falling in a non-physical region.

After the inference approach was validated by examining the distribution and correlation of the
parameters at different signal hypotheses, a sweep in the parameter space of the couplings gue, gayy
and g,, was performed. The coupling parameters were sampled focusing mainly in the volume
defined by {gse = [0.1 — 3] x 10712, g4y, = [0.5 — 3] x 10719, g, = [0.01 — 1] x 1075},

For each combination found in the volume, 10,000 toyMCs are performed, and the likelihood from
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Figure 4.15: Corner plot of the result of the likelihood minimisation for 10,000 toyMCs with values
Jae = 2 X 10_12,gaW =2x1071%and gop, = 1 x 1078, The plots in the diagonal show the variance
of the parameters found to minimise the likelihood function, while the plots outside the diagonal
contain information about the correlation between parameters.

Equation 4.16 is minimised. Once the likelihood is minimised, another fit procedure is performed by
fixing fis, Gaes Gayy and gan on the sampled values in the toyMC. The test given in Equation 4.19 can
be calculated from the ratio of the values found in the floating and fixed minimisation procedures.

The values found in each minimisation for the thirteen parameters and the test value are saved in
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a database. Around 1000 values were scanned, and a computer cluster is needed to perform these
calculations. Therefore, the script to perform the minimisation is highly paralleled to occupy all the
computation threads allowed in the ScienceCloud cluster, a multi-purpose computing and storage
infrastructure of the University of Zurich.

A background-only hypothesis is assumed for the ‘observed’ dataset, as it represents an experiment
without reaching the signal as an upper limit. Two approaches are possible to obtain the median
value of the distribution of tests in the case of ‘observed’ data without signal injected. The first
approach relies on performing toyMC as described before and doubling the number of computations
required and thus the time. Another possible approach is to use the expected background as an
Asimov dataset, i.e. the one dataset in which all observed quantities are set equal to their expected
values. This assumption holds in the asymptotic limit, given the Wald theorem [306]. A comparison
between the median test from the Asimov dataset and derived from toyMCs were performed for
certain choices of signal strength, with a matching outcome. Thus, the Asimov dataset is used to

derive the median value of the ‘observed’ distribution.

4.4.3 Inference results

The results of the inference procedure described previously are presented. For each coupling com-
bination, the values of gue, gay~, gan and the test result from Equation 4.19 are retrieved from the
database. The test result is compared to the one derived from the Asimov dataset to create an or-
dering principle based on Equation 4.19. This procedure is performed for each scanned value in the
couplings parameter space. The result from the toyMCs for the confidence volume are shown in
Figure 4.16 as a 2D projection of the 3D confidence volume in g,¢ — g4y~ With surface levels of g,
since displaying a 3D volume is often unclear. The surface levels show the different values for the
third coupling parameter found in the label. The choice of showing a shaded area that represents the
projection of the confidence volume on the 2D planes is used in other works. However, it can often
hide the values of the third coupling parameter that would allow that limit, which is also valuable
information for the interpretation of the plot.

The results show an improvement of approximate factor 4 from the LUX/XENONI1T upper limits
on the axio-electron coupling g4 [103, 309]. The inclusion of the inverse Primakoff channel in this
work allows for setting a limit on g,,- independent from g, at low g, values. These limits are,
however, far from those from experiments such as CAST at lower axion masses (m, < 10 meV),
with a limit of 6.66 x 107! at 95% CL [115]. Moreover, the R-parameter, which defines a favoured

region from stellar cooling processes, discussed in Chapter 1, is a factor 2 smaller even in the less
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Figure 4.16: Constraints on the coupling parameters g, and g,y~. The solid colour lines indicate
surface levels of the confidence volume for the g,,, coupling parameter. Shown as well are the RGB
limit [307], Solar limit [308], XENON1T [103], LUX [309] and stellar cooling limits calculated from
Refs. [310, 311, 312, 313].

stringent models for both coupling parameters. Nonetheless, direct detection experiments that can
test astrophysical bounds are of great importance, and DARWIN will be able to improve the limits
from direct detectors to the axioelectric coupling gge.

Ir

The results at 90% C.L for the coupling of axions to nucleons, gg;,’, are shown in Figure 4.17. The

limits shown are less constraining than astrophysical bounds in the axion-nucleon coupling by neu-
tron stars and supernova observations, which place the limit to ngLf around 1.1 x 107 [314, 315].
The limit placed by CAST at (95% CL) in the search for the axion-nucleon related flux is shown as
CAST-Fe [287], where the vertical line at 3.5 x 10710 GeV ! is the limitation due to the detector
resolution. The limit was calculated assuming an axion mass of 0.03 eV, where the axion-photon
conversion process is coherent and has maximum probability. For higher masses, the loss of coher-
ence provokes a loss in sensitivity for the experiment, and the limit becomes weaker. The limit from
the solar luminosity on the axion-nucleon coupling of 3.6 x 10~ is additionally shown [308]. DAR-
WIN could probe the parameter space beyond the limit placed by CAST, as the nucleon coupling

can be investigated simultaneously in the axioelectric and inverse Primakoff production channels

and provide a direct measurement which is complementary to the astrophysical bounds without
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assuming the underlying model or axion mass.
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Figure 4.17: Results are marking a 90% C.L. on the coupling of axions to nucleons, g,y,. Left: Con-
straints on the axion-nucleon coupling ¢¢f and the axion-electron coupling, g,.. Right: Constraints
on the axion-nucleon coupling ¢¢f and the axion-photon coupling, g4~ The limits from CAST [287]
and from the solar luminosity [308] are shown for comparison.

4.5 Conclusions and remarks

We have found that DARWIN can be sensitive to solar axions, which can be detected via the ax-
ioeletric or inverse Primakoff effects in the energy region of 1-20 keV. The largest background in
this range is the irreducible solar neutrino background (mainly from the pp-chain) and the 2v {33 de-
cay of the naturally abundant '36Xe isotope. Given the expected reduction on the ??2Rn background,
the contribution from 2!4Pb is approximately only ~ 14% of the total expected background. Given
the scale of DARWIN, the material background contributes negligibly to the ROI of this search for
33 t. We have performed the first study of this kind to set limits simultaneously in the three coupling
parameters gue, garyy and g% taking into account the correlation between the parameters and im-
plementing the detection channel model for the inverse Primakoff effect in LXe. Other studies have
only focused on the first two couplings [292, 293], or have not implemented the correlation between
the parameters or the inverse Primakoff effect [103]. This study shows that a 4-fold improvement
in the limit placed by previous LXe TPCs can be achieved and provides an independent measure-
ment from the astrophysical bounds placed by RGB energy conservation constraints, which covers
a region where no other direct detection experiment reached to date.

The detection efficiency curve 7( E'r) used in this analysis from Ref. [103] was improved later by the

XENON collaboration and used in Ref. [125]. An improvement of this analysis in the future consists
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of replacing the efficiency assumption, which will lead to greater detection efficiency in the low keV
range, where the axions coming from ABC and Primakoff fluxes could be found in LXe.

As the strongest signals are expected from the signal models proportional to coupling parameters to
the power fourth (such as the ABC flux detected via axioelectric effect), improving the limit becomes
more challenging. The irreducible neutrino background restricts the achievable sensitivity for LXe
TPCs, as most of the expected signal is in the region where pp-neutrinos are expected to become a
dominant signal. This is, however, a good sign for neutrino detection and the Sun metallicity open

question, as investigated in Ref. [126].



Chapter 5

Design and operation of a liquid xenon

purity monitor for Xenoscope

Beyond Ghor, there was a city. All its inhabitants were blind.
A king with his entourage arrived nearby; he brought his army
and camped in the desert. He had a mighty elephant, which he
used to increase the people’s awe. The populace became anx-
ious to see the elephant, and some sightless from among this
blind community ran like fools to find it. As they did not even
know the form or shape of the elephant, they groped sight-
lessly, gathering information by touching some part of it. Each
thought that he knew something, because he could feel a part.
The man whose hand had reached an ear said: “Tt is a large,
rough thing, wide and broad, like a rug.” And the one who had
felt the trunk said: “T have the real facts about it. It is like a
straight and hollow pipe, awful and destructive.” The one who
had felt its feet and legs said: “It is mighty and firm, like a
pillar”

— Ancient Sufi story
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This ancient Sufi story was told to teach a simple lesson but
one that we often ignore: The behavior of a system cannot be
known just by knowing the elements of which the system is

made.

— Donella H. Meadows
(Thinking in Systems, 2008)

We have discussed in the Chapters 3 and 4 some examples of the science reach of DARWIN for
low and high ER energies, respectively. DARWIN will comprise a large and complex system, and
its realisation will require the demonstration of different technologies. For this purpose, a full-scale
demonstrator in the vertical dimension, called Xenoscope, was built at the University of Zurich [316],
introduced in Chapter 2. The Xenoscope program consists of designing, commissioning and oper-
ating a 2.6 m TPC that will serve as a demonstrator, in the vertical dimension, for DARWIN. The
facility goals are the study of the drift of electrons over this length and the test of new technologies
for DARWIN. In addition to demonstrating electron drift over 2.6 m, Xenoscope will provide infor-
mation about TPC properties that are needed in order to build a larger detector. For example, the
longitudinal and transverse diffusion (parallel and perpendicular to the drift, respectively) of elec-
trons can be studied by measuring the spread of the signal after drifting electrons. Diffusion studies
are important, since a higher spread of the signal can affect, for example, the efficiency of the de-
tector to resolve multiple scatters. In addition, the Rayleigh scattering length in LXe given different

detector conditions (such as xenon purity) will be studied as well.

In this chapter, we will focus on the modular design of a 2.6 m long field cage of the TPC for Xeno-
scope. This design was used to produce the components of the field cage and to build, commission,
and operate a Purity Monitor (PM) of 53 cm. The PM provides a measurement of the achievable elec-
tron lifetime 7, which is the mean time for the charge to drop by a factor of e [317]. The electron
lifetime is related to the charge signal degradation in LXe TPCs, as the electrons can be trapped by
impurities. The chapter is divided as follows: Section 5.1 provides an overview of the Xenoscope
facility and the xenon purification system. Section 5.2 describes the electrical and mechanical de-
sign of the field cage for the 2.6 m long TPC. Section 5.3 describes the working principle of liquid
xenon PMs and the design, characterisation, and assembly of a 53 cm PM for Xenoscope. Section 5.4
describes the electron lifetime measurements in Xenoscope by operating the PM, and shows further
studies of transport of electrons in LXe. Finally, Section 5.5 summarises the work and its implications

and gives an outlook on the upgrade to a TPC for Xenoscope and future studies.
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5.1 The Xenoscope facility overview

The facility infrastructure was designed, constructed and assembled in the assembly hall of the De-
partment of Physics at the University of Zurich. The facility is composed of a structural support, a
xenon cooling system, a purification line, a storage system with bottles, two recovery systems, and a
detector housed in a double-walled cryostat. Figure 5.1 provides an overview of the facility and the
different systems that compose it. These systems are described in great detail in Ref. [316], whereas
this work focuses on the detector side for Xenoscope. The design, commissioning and operation of

it was the work of three different PhD thesis [197, 318], including this work.
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Figure 5.1: Schematic view of the Xenoscope facility with the 2.6 m TPC installed in the cryostat.
Legend: (1) Heat exchanger, (2) Cooling tower, (3) Inner frame, (4) Outer frame, (5) Purification gas
panel, (6) TPC in the 24.8 cm diameter and 312 cm height cryostat, (7) High-pressure storage vessel
of liquid recovery system, (8) Power distribution cabinet, (9) Gas recovery and storage system. Figure
from Ref. [316].

The structural support consists of 50 mm x 50 mm extruded aluminium profiles, assembled to provide

an enclosed room to minimise dust exposure and an additional floor at the height of the top of the
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cryostat for assembly and operation purposes. The upper level can be accessed by a staircase, which
during operation with high voltages is secured to prevent access to it and the space dedicated to the
HV power supply. The assembly hall is served by a crane that can withstand up to 4-tonne weight,
a water cooling system and a ventilated storage closet for gas bottles. The structure supports the
top flange assembly of the cryostat. An engineering study was carried out to foresee issues with
the thermal and mechanical conditions of the top flange and the cryostat, as the bottom half of the
flange can cool down to temperatures around those of LXe. The top flange contains six feedthroughs
that host the cooling tower, cabling and instrumentation, joined by six axial displacement bellows.

Figure 5.2 shows a render of the top flange in Xenoscope.

Figure 5.2: Top flange assembly of the cryostat. Legend: (1) Cooling tower feedthrough, (2) In-
strumentation feedthroughs, (3) ISO-K500 flange, (4) Axial displacement bellows, (5) Swivel rods,
(6) DN350CF flange. Figure from Ref. [316].

The inner vessel is composed of six DN250CF2 sections, with a total usable height of 312 mm and
a usable diameter of 248 mm each, and the system can withstand together up to 400 kg of xenon.
A conical section that acts as an expander for the inner vessel is placed from the top flange to the

next section in the gas phase. It provides enough space for assembly and connections. The outer

!ConFlat flanges, that use a oxygen-free high thermal conductivity copper gasket and knife-edge flange to achieve an
ultrahigh vacuum seal
’DN: ISO 6708 norm for nominal pipe diameters
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vessel is composed of six K-400° sections. The cooling tower and heat exchanger is responsible for
the xenon liquefaction and thermal stability. The cooling tower consists of a cold head connected to
an Iwatani PC-150 Pulse Tube Refrigerator (PTR), rated 200 W cooling power at 165 K, that liquifies
the gas xenon and controls the temperature of the system [319]. The heater is controlled with a
proportional-integral-derivative (PID) controller connected to four PT100 Resistance Temperature
Detectors (RTDs) screwed on the side of the cold head. Two heat exchangers were designed and
assembled to provide additional cooling power while minimising the heat leak from cold outgoing
and warm incoming GXe [320]. Heat exchangers allow for the transfer of heat between the two
(in/out) xenon streams: the outgoing xenon stream, that needs to evaporate to enter the purification
system, absorbs the heat from the incoming gas, which is at warmer temperature. Thus, the incoming
stream gets cooler and the outgoing stream gets warmer. This provides additional cooling power to
the system, as PTRs cooling power is limited. Additionally to the heat exchanger and cooling tower,
a pre-cooler system is placed around a section of the inner vessel, where liquid nitrogen (LN) can
be circulated through a system of pipes. This additional cooling provides a method to bring the
detector from closer to LXe temperatures and reduces the time needed to fill the detector by a factor
~ 3. Inside the detector, a funnel siphons the xenon out to be carried through the purification system.
The gas is then recirculated through the purification system using a double diaphragm compressor.
The xenon purifier is a hot metal getter* [321]. A flow controller is placed before the compressor,
and a flow meter is further downstream in the system. The xenon extraction line is protected by a
40 um metal strainer element, while on the supply line, a 3 nm ceramic filter is placed.

The storage system consists of an array of aluminium bottles suspended from the top, with a mass
sensor incorporated. A slow control monitors the subsystems. The slow control consists of readouts
connected to the sensors, which can be displayed in a Grafana dashboard. A check valve is placed
for cases of emergency, in which case it will allow for the gas in the system to be transferred to a
gas bottle. This gas bottle is always maintained empty and cryopumped in case of emergencies. The
recuperation of the xenon from the detector is performed partially with a spherical pressure vessel
called BoX (Ball of Xenon), connected to the bottom flange of the cryostat. The concept behind this
element is that the liquid will flow automatically from the cryostat given gravity, once the valve is
opened, to BoX. Liquid recuperation is more effective the higher the liquid column is in the cryostat.
Hence, it is used to partially transfer the total mass in the detector. The last kilograms are removed
by evaporating the LXe and transferring it to a cryopumped bottle, where the mass sensors provide

information about the mass transferred to the system. Nonetheless, liquid recuperation allows for

*ISO-K or K flanges are joined with double-claw clamps, and clamp to a circular groove on the flange.
“In a getter, gaseous impurities irreversibly bind and diffuse into the purification cartridges.
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the recovery of tens of kilograms per hour, while the gas recuperation time is more prolonged (~
40kg/d).

A power distribution cabinet connects all the electrical components. In case of an electric grid de-
livery failure, an Uninterruptible Power Supply (UPS) of 20 kW can provide the necessary power to
operate necessary detectors until the emergency system of the institute turns on. A Heinzinger PNC
100000-1 [322] power supply allows for voltages up to 100 kV, with a maximum current of 1 mA.
This power supply is connected to the cathode at the bottom of the TPC, to provide the design electric
field up to 200 V /cm.

Due to the aimed drift length, the design of the detector was conceived in an modular approach:
the field cage consists of five modules, that together compose the total drift length of 2.6 m. Three
different lengths for the field cage will be operated, to troubleshoot different aspects of the system
such as xenon purification and field homogeneity. In the first phase, electrons were drifted in a 53 cm
long Purity Monitor (PM) fully immersed in LXe, with the use of only one module of the total field
cage. In the second stage, the PM will be upgraded to a dual-phase 1m tall TPC with liquid level
control. The gas region with a high electric field will allow for the extraction of electrons from the
liquid into the gaseous phase, thus generating electroluminescence and providing amplification. An
array of photosensors will be placed at the top to detect the resulting charge proportional light sig-
nal. Finally, the field cage will be extended to its final length to host a dual-phase TPC. The three

detector phases are shown together with the cryostat in Figure 5.3.

As the cathode is fully immersed in LXe (as seen in Chapter 1), there are some challenges in creat-
ing a cryogenic liquid feedthrough that delivers the HV from the power supply to the cathode. The
feedthrough should not leak or deform the electric field in the drifting region. An option is to intro-
duce it from the top flange, going from the gas phase to the liquid phase [323], placing it in the outer
non-instrumented region of the TPC. Since the FSRs at the top section drop their potential until they
reach 0 V in the gate electrode and the cryostat walls are at ground potential, the conductor needs
a strong insulator covering and a conductor shielding (at ground) to prevent discharges. The initial
design of the feedthrough for the Xenoscope TPC consisted of a SS rod cryofitted® with an insulator
made of Ultra High Molecular Density Polyethylene (UHMDPE). This design coming from the top
flange was used in XENON1T/nT [324], and in LAr in ICARUS [323] and ProtoDUNE [325], while
the LZ experiment utilizes a feedthrough connecting through the side of the cryostat [326]. A 3D

>Cryofitting is the process in which the inner conductor rod (HV) is placed inside an insulator, and both placed inside
an outer conductor (ground), and cooled down to LN temperatures. The different thermal expansion coefficients of the
materials ensure the vacuum tightness between inner conductor, insulator, and outer ground.
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Figure 5.3: The three phases of Xenoscope. From left to right: purity monitor, 1.0 m tall TPC, 2.6 m
tall TPC. All three phases are built by assembling a number of the field cage modules. The goal of
the three phases is to measure the purity of xenon and the homogeneity of the drift field gradually,
upgrading the detector with photosensors and a gas-liquid interface. The purity monitor uses two
charge readouts, while a photosensor array replaces the top charge readout in the 1.0 m and 2.6 m
TPCs. Figure from Ref. [316].

drawing of the termination of the design feedthroughs and their components are shown in Figure 5.4.
The implementation of this type of feedthrough is considered in the next section, where electric field

simulations for the design of the field cage will be described.
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— Conductor shield
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Figure 5.4: HV feedthrough termination for the standard design coming from the top flange of the
cryostat to the cathode. This type of feedthroughs consists on an inner conductor at HV, an insulat-

ing material with corrugated surface to prevent surface charges, and a conductor shield at ground
potential surrounding both to prevent deformation of the electric field in the drift region.

5.2 Design of the field cage for a 2.6-m time projection chamber

A field cage is essential in order to drift electrons over distances without charge loss due to diverging
electric field lines. The field cage followed the modular cryostat design, allowing for the operation of
the facility in smaller drift regions by assembling a reduced number of its modules. Figure 5.5 shows
the design for the first section of the field cage of 53 cm, which can be extended with four additional
modules to complete the 2.6 m field cage.

The design consists of four modules of 525 mm height, and one top module of 530 mm, that define
an inner diameter of 15 cm. The field cage consists of a cathode, 173 field shaping rings that confine
the electric field in the drift direction (FSRs, see Chapter 2), a gate electrode, and an anode that ex-
tracts the ionisation proportional signal from the GXe phase. The design of the field cage includes
Oxygen-Free High Conductivity Copper (OFHC) for the FSRs, selected due to its low oxygen content
and good conductivity. Six support pillars, made of PAI (polyamide-imide), are selected instead of
the usual choice of PTFE due to its tensile strength, chemical stability, low outgassing and a higher
dielectric constant [327]. Interlocking PTFE blocks hold the copper FSRs in place against the PAI
pillars. A SS ring, connected with SS rods to the top flange, holds the six support pillars. Resistors
in between the FSRs provide the potential drop to confine the electric field in the drift direction.
The diameter of the field cage is limited by the previously discussed concept design of the HV
feedthrough that would traverse the drift region from the top flange to deliver the HV to the cathode.
Additionally, the TPC is off-center by 20 mm with respect to the cryostat, to provide enough space

for the HV feedthrough and maximize the sensitive LXe volume. Since the LCE® is expected to be low

Defined previously as the mean light collection efficiency of the photosensors for photons emitted in the sensitive



5.2.1 Electric field simulations for the field cage 132

Figure 5.5: First section of the 260 cm field cage. The 53 cm module consists of a SS ring, supported by
six SS rods connected to the top flange, and hold in place the six PAI pillars. The PAI pillars constrain
the electrodes, made of SS, and the FSRs, made of OFHC, in place. Interlocking PTFE blocks prevent
further motion of the components, which results in a mechanically robust module. Zoom 1: FSRs
and the resistor chain. Zoom 2: Electrode grid and anode, where the pillars contain additional slots
to place a photosensor array in the upgrade to a TPC, above the anode. Zoom 3: Electrode holder
and hexagonal patterned mesh.

due to the aspect ratio of the TPC’, the initial design does not include PTFE reflectors. Nonetheless,
it was a requirement in the design to include the possibility of an upgrade to include reflector panels
on the sides. After accounting for these constraints, a preliminary mechanical design was defined.

In the design of the TPC, the electric and the mechanical designs are not independent of each other,

and the materials and geometries are selected taking into account this feedback.

5.2.1 Electric field simulations for the field cage

The field cage was modelled and developed using COMSOL Multiphysics [328], a simulation software

that for allows static and dynamic simulations of electromagnetic interactions between materials.

volume.
LCE depends on the coverage of the solid angle of the photons emitted in a interaction, and hence, in the aspect ratio:
Height/Width ~ 16.
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The double-wall cryostat, HV feedthrough, the FSRs and the support pillars were modelled in a
simplified 2D geometry with a cut plane on the centre of the cryostat. The materials used can be
specified in COMSOL by giving their electrical properties and densities. Table 5.1 shows the relative

permittivity values assumed for the dielectric materials.

Table 5.1: Relative permittivity (¢) values of the dielectric materials assumed for the electric field
simulations in COMSOL.

Material € Reference
LXe 1.84 (1.93 at the triple point) [329]
GXe ~1 [329]
UHMDPE 2.3 [323]
PTFE 2.1 [330]

The space and shape of the FSRs are optimised by means of electric field simulations. As seen in other
works [331], the optimal configuration for the drift field consists of a ring with a flat side facing the
drift volume, while softening the borders to avoid charge accumulation. The design of the FSRs
consists of 7.5 mm high and 5 mm wide rectangular section with 2.5 mm chamfers to smooth the
corners. Each ring is separated by 15 mm in the vertical direction from centre to centre, ensuring a
homogeneous drift field across the full drift length. Figure 5.6 shows a plane cut of one FSR, exhibiting
an elliptical shape.

Electric field norm (kV/cm)

z[mm]

295 100
294
293
292
291
290
289
288
287,
286
285,
284
283
282 20
281
280
279 0
-65 -60 -55 -50 R[mm]

Figure 5.6: Planar cut of the field shaping ring implemented in COMSOL, the flat side facing the inner
volume confines the electric field in the drift direction, while the rounded parts prevent electric field
lines accumulation. Left Axis: Electric field norm [kV/cm].
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The complete geometry implemented in COMSOL is shown in Figure 5.7, where the colour gradient
in the surfaces indicates the electric field norm, and the magenta lines represent the electron drift
path or field lines from cathode to anode. Overall, the electric field norm stays below the 50 kV /cm
threshold estimated in the LXe, above which sparks could occur [332].

The simulations also show that a HV feedthrough design from the top flange deform the electric
field lines in its vicinity. One solution to avoid deformation of the electric field lines consists of
extending the conductor shield to cover more of the inner conductor. The ground, terminated in
a lower position where the FSRs have a higher surrounding electric field, entails challenges in its
fabrication and assembly. The ground termination shape introduces a challenge by itself, as it can
produce a high electric field, influencing the drift field inside the field cage. In the work performed for
the ICARUS experiment in Ref. [333], a solution in LAr consists of incorporating a gradual departure
from the insulator, by defining an ellipsoidal shape in the termination that avoids sharp corners (See
Figure 5.4). A similar design was implemented in COMSOL simulations for Xenoscope, as shown in
Figure 5.8.

However, the constrained space inside the cryostat and detector limits the design of the ground
termination, and the ground termination introduces a deformation of the drift field, as shown in Fig-
ure 5.9. This effect and the increasing complexity when the ground termination needs to be extended,
motivated the purchase of a commercial HV feedthrough rated for —100kV from Ceramtec [334],
which will be placed on the bottom of the cryostat. Such an HV feedthrough can sustain the pressure
column from LXe and has proved in other LXe setups not to leak [335]. The insulation consists of
alumina ceramic, a well-known insulator for HV. Unfortunately, this material cannot be used in the
current LXe TPCs due to its radiopurity levels. The geometry of the Ceramtec HV feedthrough was
implemented in COMSOL, as shown in Figure 5.10, where its overall good electrical properties are
visible.

Although simplified in the COMSOL simulation as wires, the electrode mesh design was chosen as
a hexagonal mesh. The mesh is mounted on a SS ring supported by the IPA pillars. This type of
mesh provides a better solution against the sagging of electrode wires, and the focusing of electrons
towards the hexagon centres provides additional information for position reconstruction algorithms,
as seen in Ref. [336]. Other experiments have used as well hexagonal meshes for electrodes [191, 337,
336]. The design of the mesh can be seen in Figure 5.11, together with a simulation of the focusing
effect of the hexagonal meshes on the electron population.

The simulations performed provided information for the design of FSRs and their spacing, in order to
produce an homogeneous drift field in the volume. The simulations have also shown that due to the

restrictions in space inside the cryostat, a HV feedthrough coming from the top represents a greater
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Figure 5.7: Implementation of the TPC design inside the cryostat in COMSOL. The colour gradient
indicates the norm of the electric field inside the TPC. The electric field inside the drift region is op-
timised to be homogeneous along the z-coordinate inside the TPC. All regions are below the chosen
50kV /cm limit for the electric field norm [332]. Right: Overview of the full 2.6 m TPC. Left Top:
Zoom into the top section of the TPC, where the extraction field, GXe/LXe, electrodes (gate and an-
ode), FSRs and top conical section of the cryostat were modelled. Left Bottom: Zoom into the bottom
region, where the termination of the HV and the shape of electrodes carrying HV are optimised to
reduce the magnitude of the electric field, avoiding sharp edges.

challenge due to its influence on the homogeneity of the drift field. The design of this type of HV
was postponed to a later stage.

After the electrostatic requirements for the field cage were obtained, the mechanical design was
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Figure 5.8: Left: Ground termination of the HV feedthrough coming from the top flange. To prevent
the formation of a high electric field in the LXe around, the ground termination shape was softened
to recreate a gradual departure curve from the insulator with a rounded shape for the borders. Right:
Electric field norm on the arc length of the ground termination of the HV feedthrough.
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Figure 5.9: Comparison of the electric field in the z-direction for a model with a HV feedthrough
coming from the top flange and a model without HV feedthrough, for the center of the TPC. The
position where the HV ground termination is shows a deformation in the electric field.

implemented as a CAD® drawing in SolidWorks [339]. This software allows for the production of 2D
technical drawings from 3D modelled objects, that mechanical workshops and companies require to

produce components. Additionally, the software allows to perform mechanical simulations, which is

8Computer-aided design
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Figure 5.10: Implementation and simulation results of the commercial HV feedthrough from Cer-
amtec in COMSOL. The electric field is substantially lower compared to the standard HV feedthrough
design.

9
.

1.56

Figure 5.11: Left: Mesh design for the electrodes as an hexagonal grid, which has an effect of focusing
the electrons in the center point of the hexagons. Right: Simulations of the focusing effect of the
electron cloud due to the distribution of the electrodes. Drift lines correspond to two electron clouds
being funnelled by two different mesh hexagon. The screen electrode refers to a grid placed to shield
electrically the photosensor array. Figure from [338].
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advantageous as the field cage needs to sustain the weight of the FSRs, pillars, and electrodes. Static
simulations confirmed the robustness of the design from the strength of the support components

when connected to the top flange.

5.3 Liquid purity monitor design

The detector was operated as a first phase with only one module of the total field cage as a PM, to
measure the concentration of impurities diffused in LXe. This first stage allows to benchmark and
troubleshoot different characteristics of the system, such as the purification in the recirculation of
the gas and the electric field stability in the field cage. The working principle of PMs is by charge
production followed by a measurement of charge deficit after a known exposure to the LXe. The
charge deficit is the result of electrons being captured by electronegative impurities in the LXe. Typ-
ical impurities in commercially available xenon consist of ppm’ levels of Os, Ny, H20, as well as
other organic molecules. Table 5.2 shows the concentration of various impurities in xenon in one of

the acquired bottles, provided by Carbagas [340].

Table 5.2: Concentrations of impurities in the xenon purchased. Information from Carbagas [340].

Gas Required Concentration Measured concentration Vol-ppm
Krypton <5 <5
Argon <1 <1
Nitrogen <1 <1
Water <1 <1
Hydrocarbons <0.1 <0.1
Oxygen <0.5 <0.5
Tetrafluormethane <0.5 <0.5

An important aspect for the purity of LXe is the outgassing of the detector materials. As observed
in Chapter 2, materials are continuously outgassing ?2?Rn, introducing impurities to LXe that need
to be removed with an online purification system (see Ref. [189]). As discussed in Chapters 3 and 4,
222Rn represents a background in LXe TPCs. Water and organic molecules are often found as well
in the surface of materials. Thus, detector materials are often placed in vacuum and warmed up, in a
process known as baking, to evaporate the dissolved impurities in their surface at a faster rate [341].
Moreover, the outgassing rate depends on the medium where the materials are exposed and temper-

ature, with different values for GXe, LXe, and vacuum. The outgassing of electronegative impurities

*Part-per-million, 10° in scientific notation
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contributes to the degradation of the ionisation-proportional signal. The electron cloud population
is decreased by the electron capture from electronegative impurities, and the charge signal reaching
the gate electrode of the detector is reduced. The complexity of the subsystems in a LXe detector and
the interaction between them deem the design of these systems as non-trivial.

The concentration of impurities diffused in the xenon target can be measured either in gas or in liquid.
A past measurement in gas consisted of a tungsten filament heated up to produce thermionic emis-
sion (i.e. electrons), which are drifted towards an anode where the current can be measured [342].
However, GXe can contain a different impurity concentration than its liquid phase due to the dif-
ferent outgassing rate of materials. This section will refer to an implementation in LXe, and it will
refer to the system simply as PM, without mentioning the material phase. The design of the PM
explained in this chapter has been implemented similarly in experiments such as ICARUS [343],
ProtoDUNE [344] and XENONnNT [345]. Figure 5.12 shows the conceptual design of the PM and
signal acquisition. Free electrons are produced by incident photons on the cathode material due to
photoelectric effect, where the photons are generated in a xenon gas-discharge lamp. An optical fi-
bre transmits the light from the xenon flash lamp, which is triggered by a pulse generator. Due to its
double-function as signal source and electrode, the cathode is often referred in a PM as photocath-
ode. The four electrodes define three drift regions: cathode (or photocathode), cathode grid, anode
grid, and anode. The population of photoelectrons induces a current signal in the photocathode as
they drift towards the first screening mesh (cathode grid), producing a maximum once it enters the
second drift region. These electrons are drifted towards the anode at the top by the applied drift field.
When the electron cloud reaches the third drift region, a second signal is acquired at the anode as
the electrons move away from the second screening grid (anode grid), until they are fully collected.
The cathode and anode grids are meshes with high transparency to electrons (~ 93%), while the
photocathode and anode are solid disks. The solid anode and cathode disks allow the electrons to
be ‘collected’, and prevents further induced current detected in the electrodes. The cathode and an-
ode grids screen the photocathode and anode electrodes from observing the charges in other drift
regions. Without the screening, the linearity between drifting charges and current induced would be
affected, and the pulse duration would be extended in time. Two pre-amplifiers read out the currents
induced in the photocathode and anode, and an oscilloscope acquires these signals. The flash of the
lamp provides a clear trigger for data acquisition.

The charge deficit depends on the exposure to the LXe and can be modelled as a decaying exponential

N (tai) = No e tant/T (5.1)
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Figure 5.12: Working principle of a purity monitor (PM) and concept design of the signal acquisition:
a pulse generator triggers the flash from the xenon lamp, where the light is transmitted, through
an optical fibre, inside the cryostat. The fibre points to the photocathode, and the light produces
photoelectrons, which are drifted through three different regions. In region 1, a current is induced in
the photocathode by the drifting charges. The signal in the photocathode ends when the last electron
enters region 2. The electrons continue drifting towards region 3, and they induce a current on the
anode. The currents induced in the photocathode and anode are readout. The signal sent to the
xenon lamp is used as a trigger for the data acquisition (oscilloscope).

where ¢4, is the drift time, Ny is the initial number of charges, and the lifetime 7 is related to the

electronegative impurities by
1

T ki

where k; is the attachment rate specific to the impurity type in units of volume per time (usually

T (5.2)

given in L/(mol s)), n; the impurity concentration in units of inverse volume (mol/L) and the sum
extends over the different electronegative species. The attachment rate coefficient depends on the
electric field strength and the impurity species. Figure 5.13 shows the electron attachment rate in

LXe for Oy and N2O. An Os concentration of less than 0.2 ppb'? is necessary to successfully drift

"By assuming the value for the attachment rate (averaged to all electronegative species) of K = 2 x 10''M~!s7!,
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electrons across the full length of the TPC [346].

103 5

o A O ... ol I
| 1

— ] m N;O f
=1

) | |

© 1012 4 .J

4+ ]

o ] |

E |

g 1A A A.

B 101! 4 | A Ay

c { = Ara

S A

B

o} A

o AA

1(')2 1(')3 1(')4 1(')5
Drift field [V/cm]

Figure 5.13: Attachment rate of electrons in LXe to electronegative impurities at 165 K for Oy and
N2O per molar concentration (M) per second. Data from Ref. [346].

Both charges are readout by the pre-amplifiers and the time between the two signals, which corre-
sponds to the drift time accordingly to the electric field applied, can be used to estimate the electron

lifetime as

™ QAl/QC (tZ + ;t3> - o

The parameters () 4 and ()¢ are the charges measured in the anode and photocathode, respectively,
t1 is the rise time of the first signal, {5 is the time between the maximum of the signal in the cathode
and the start of the rise of the signal in the anode, and ¢3 is the rise time of the signal in the anode,
as shown in the schematic from Figure 5.12. The second factor corresponds to the drift time

t1 +t3
Laritt = <t2 + ) , (5.4)

and the drift velocity can be calculated as

di+d t 413\
Udriﬂ—<d2+ 12 3) <t2+ 12 3) , (5.5)

The design of the PM for Xenoscope is shown in Figure 5.14, consisting of four parallel electrodes.
The cathode and anode grids are SS rings with hexagonal meshes mounted on them, as described

previously. The first section of 53 cm was implemented in COMSOL, following the CAD design,

where M is the molar concentration
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with the targeted voltages for the first run of —2710V, —2560V, 0V, 500V for the cathode, cath-
ode grid, anode grid and anode electrodes, respectively. This choice of voltages provides a uniform
52V /cm drift field in the first two regions, while 500 V /cm in third region ensures the full collection
of the drifted electrons. The first screening mesh (cathode grid) is positioned 18 mm above the pho-
tocathode, the second screening grid (anode grid) is 503 mm further above, and the anode is placed
10 mm above the anode grid. The implementation in COMSOL is shown in Figure 5.15, where the

converging electric field lines in the anode represent the charge collection efficiency of nearly 100%.

-

—— =

Figure 5.14: CAD design of the PM, consisting of four parallel electrodes (1, 2, 9, 10). The photocath-
ode (10) is flashed by a xenon lamp via an optical fibre (7) pointing to centre of the photocathode
(8) which is coated with a thin metal film. The copper field shaping rings (FSRs) (5) are held by
polyamide-imide pillars (6) and PTFE interlocking blocks (4). The resistor chain (3) provides the
potential drop between the FSRs. Figure from Ref. [316].

5.3.1 Charge generation components

We summarise here the components that contribute to the generation of photoelectrons in the cath-

ode.

Xenon lamp The xenon lamp is a 60 W flash lamp with a built-in reflective mirror (model number
L7685) from Hamamatsu [347]. The glass is a single crystal made out of sapphire that allows for
short wavelengths (~ 190 nm) to reach the output of the lamp. The spectral region is from 190 nm
to 2000 nm, providing photon energies of 0.6-6.5eV. The lamp generates a gas-discharge, and re-
flective mirrors direct photons from all directions towards the output of the lamp. A UV sapphire
lens with an SMA'! connector from Hamamatsu is placed at the lamp output to collimate the light
signal into the input of the optical fibre. The xenon lamp can be triggered internally or externally

with a waveform generator. The voltage for the gas-discharge can be set from 600V to 1kV, with

"'SubMiniature version A, a standard connector used for optical fibres.
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Figure 5.15: Electric field simulations for the 53 cm PM, where the voltage values for the electrodes
are —2710V, —2560V, 0V, 500 V for the photocathode (C), cathode grid (G¢), anode grid (Ga) and
anode (A) electrodes, respectively. The magenta lines show the trajectory (or the electric field lines)
of the drifting electrons, with a collection efficiency of nearly 100%. In the pillars are visible the FSRs
and the holders of the electrodes, which were implemented as well in COMSOL.

increasing light emitted. The pulse from the lamp is reported to have an FWHM of 2.90 ps when
operated at its maximum voltage of 1 kV. Figure 5.16 shows the reported time duration of the pulse
and the spectral distribution provided by Hamamatsu.

The xenon flash lamp had to be rehoused in a stray electromagnetic interference box due to the noise
produced by the discharge in other electric components. The box includes a potentiometer, allowing
to manually change the gas-discharge size, a trigger system connected to a waveform generator, and

an additional ventilation cooling system.

Optical fibre and optical fibre feedthrough Asthe xenon lamp is placed outside the cryostat, an
optical fibre is needed in order to transfer the light from the output of the lamp to the photocathode
surface. The selected fibre has to be resistant to solarization, i.e., the degradation in the fibre material,
and therefore, transmission due to the impact of high energy photons in the inner walls of the fibre.
This effect is more likely to occur when the fibre is exposed to light below 300 nm. Figure 5.17
shows the transmission of a solarization resistant fibre'2, compared to standard silica fibres. The loss
is estimated to be 10% per metre of fibre. A fibre that accepts wavelengths with spectral distribution
such as the light from the xenon lamp (i.e. a continuum instead of a single wavelength emitted)

is called multimode fibre, opposite to singlemode, where the transmission is optimised for a single

!2The resistance in the fibre is achieved by using polyimide or aluminium buffers that mitigate the effects of UV exposure.
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Figure 5.16: Left: Reported time duration of the xenon lamp pulse reported by Hamamatsu; Right:
Reported spectrum of the lamp from Hamamatsu [347].

wavelength. The fibre selected for the PM is a UHV (Ultra High Vacuum) 600 pm polyimide buffer
from LewVac [348], with a numerical aperture NA= 0.22, where NA = n sin § defines the maximum

angle that the fibre accepts or emits light, with n the refraction index of the medium.
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Figure 5.17: Attenuation of solarisation resistant fibres at 215 nm over exposure in hours. Source:
Thorlabs [349].

The fibre is fed into the cryostat with the use of an optical fibre feedthrough. optical fibre feedthroughs
for vacuum and over-pressure vessels are available in two types. In one type, the fibre is fitted on a
flange without any discontinuation of the fibre. This requires the shipping of the total length of the
fibre to the provider to fit the fibre in a tube that is later sealed and welded on a flange.

In the other approach, the fibre is terminated with a connector (often SMA, which is suitable for
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multimode fibres) that is plugged into a flange in the air-side and continued with an additional fibre
in the vacuum/pressure-side, with a SMA connector. The approach introduces two connectors that
have to be aligned, with potential losses. Moreover, the fibre surface on the termination fed into the
connector has to be sufficiently polished. Figure 5.18 shows an example of both optical feedthrough

designs.

\)

; )
S 3

-

g mf“jf o / /o/ - :\ \
[~ \g“}’.\ 7
i~ ) ' 7 N
s‘ :ﬁ;vﬁ“"m J . *‘,.“
> o

Figure 5.18: Optical feedthrough designs a fibre (left) that can be fitted in a flange without discon-
tinuation or the fibre (right) can terminated with a SMA connector, connected to the feedthrough,
and continued with an additional fibre connected inside the cryostat. Source: Thorlabs [349], Art
Photonics [350]

The feedthrough selected for the PM is the latter, due to its availability, and it was purchased from
Thorlabs [351]. The feedthrough has a 600 pm multimode SMA connector, in match with the fibre,
which is welded on a CF40 flange. As it is rated for UHV, it was tested locally up to 4 bar, without
any leakage. The leak test was performed with a helium leak tester, by connecting the flange in a
small setup and using the helium leak tester in its sniffer mode. As the feedthrough requires the
fibres to be terminated, the optical fibres were prepared and polished in-house. The smooth polished
surface is achieved with a set of 8 different sizes of polishing sheets made of aluminium oxide, silicon

carbide, and calcined alumina, starting from grits of 30 pm grit and finishing with a 0.02 ym.

Photocathode selection and production One of the most critical parts of a PM setup is the pho-
tocathode. The photocathode will produce the photoelectrons when the fibre projects the photons,
from the xenon lamp, on its surface. A photocathode consists of a thin layer of metal with a low work
function on top of a substrate material. The substrate consists of a material that provides good adher-
ability to the metal layer and does not absorb UV photons. Its reflectivity enhances the production

of more electrons as they interact again with the thin film'>. Some choices for substrate materials in

BThere is no rigorous definition in terms of thickness for thin film, it is used for layers that span from nanometers to
several micrometers.
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photocathodes are polished aluminium, quartz or SS. The quartz substrate has low absorption of UV
photons and is chosen for the PM photocathode [352]. The thin-film material is chosen by its work
function, thickness, production, and stability. The reported work function of a selection of metals is

shown in Table 5.3.

Table 5.3: Work function of metals, from Ref. [353]

Material Work function [eV]

Al 4.06 - 4.26
Ag 4.26 - 4.74
Au 5.10 - 5.47
Cr 4.5
Ti 4.33

The thickness of the film affects the electron escape probability. Due to the absorption length, the
probability of an electron being emitted at higher depth decreases. Once generated, the photoelec-
trons need to travel to the surface of the material in a process characterised by the inelastic scattering
mean free path. If the thin film thickness is relatively large, the electron emitted will not reach the
surface of the material, as the electrons that were raised above the Fermi level are attenuated by in-
elastic scattering. If the thin film thickness is too small, the number of electrons absorbed decreases.
These two effects counteract each other in defining the Quantum Efficiency (QE) of the photocath-
ode, i.e., the percentage of photons above the work function of the thin film yield a photoelectron
escaping the surface. Table. 5.4 provides some quantities for these effects in gold, where peg is an
‘Effective’ probing depth, as defined in Ref. [354], related to the photon escape probability in the
surface and the thickness of the layer, given by pesc = As/(As + pcosa), where « is the angle of
the incident light, and the subscript s stands for scattering. By optimising the thickness of the layer,
the photons that are not absorbed in the thin film can be reflected by the substrate and produce
photoelectrons again with a higher escape probability.

Table 5.4: Gold properties for UV light 200-250 nm, taken from Ref. [354]

Property Value [nm]
Penetration depth, p 12-13
Inelastic mean free path as 5-8

Effective depth peg—a,p/(as+p) 3.5-4.9

The photocathodes are produced in-house using a turbomolecular pumped coater Q150T Plus from
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Quorum [355]. It provides a vacuum chamber where argon gas can be bled, ionized, and the ions
accelerated towards the desired target. The ions impacting the target will vaporize it, and the evap-
orated material is deposited on the substrate, placed inside the coater chamber. The coater provides
control on the desired thickness deposited on the substrate with the use of a quartz crystal microbal-
ance, which measures the mass variation per unit area by from the change in frequency of a quartz
crystal resonator. The coater is rated for materials that do not oxidise, as the argon gas used, de-
pending on its purity, will introduce oxygen that interacts with the coating material. The coater was
used to produce photocathodes of 50 nm thickness made of gold'*, silver, aluminium, and chromium
on a quartz substrate of (30.00 £ 0.05) mm diameter and 2 mm thick. The thickness of the layer for
gold was based on the effective probe depth and previous works [356]. The thin-film thickness of
the other materials was not optimised. The substrate has to be flat in order to provide homogeneous
response in the photocathode. The substrate selected has a flatness parameter of A/4, where A is a
commonly used unit. The flatness A is measured in fractions of a reference wavelength, 632.8 nm. A
A/20 value will have a maximum peak to valley deviation of 632.8/20 or 31.64 nm [357]. The clean-
ing procedure for the substrates, before the coating, is very important for a homogeneous material
deposition, and it includes three steps: cleaning with acetone, isopropyl alcohol in an ultrasonic bath,
and blow-drying with gaseous nitrogen.

The produced photocathodes were tested in a vacuum setup with a screening grid 18 mm away from
the photocathode and the anode 10 mm away from the screening grid. The xenon lamp flashed over
the photocathode material with a frequency of 1 Hz. Figure 5.19 shows the performance of gold
and silver photocathodes in terms of the charge measured in the photocathode, which feature low
reactivity and high lifetime. Due to different signal-to-noise ratios, the drift field selected for the
gold photocathode was of 70 V/cm, whereas the silver photocathode was tested under a drift field
of 200 V /cm. Both materials showed an increasing signal after several hours of being exposed to the
lamp, and the signal size did not decrease after the lamp was stopped and resumed. This effect was
also observed in Ref. [356], which is explained as a process of photo-outgassing, where energetic
UV photons remove the first layers of materials, where oxides are present. When comparing the
performance, both materials showed potential for signal generation, although the gold photocathode
reached a stable state with fewer hours of exposure to the UV signal. A Residual Gas Analyser
(RGA) model Prisma Pro from Pfeiffer [358], was used to test the photo-outgassing hypothesis, but
no detection of additional molecular content above the base level was found. The gold photocathode
was selected due to its stability over time and higher signal production than the silver photocathode,

requiring smaller electric fields to produce a higher charge. In the case of photocathodes prepared

“Which requires 5 nm thick layer of Ti for adherence.
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with chromium and aluminium, the two have a higher reactivity and oxidise quickly, with low signal

production, and therefore, were discarded.
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Figure 5.19: Left: Signal strength over time of a gold photocathode, where the photoelectrons are
extracted with 70 V /cm drift field; Right: Signal strength over time of a silver photocathode using a
200V /cm drift field.

The silver photocathode can be optimised in the future in terms of the thickness of the thin film, and

a different coating process with lower levels of oxygen. The same applies to the other materials.

Charge produced in the photocathode

The number of electrons produced in the photocathode, by the photons from the light pulse, can be

estimated as

Q
N,- x Ps x = X QE X Olossess (5.6)
T

where Ps is the power of the lamp, €2 the solid angle coverage of the fibre into the cathode, the QE
of the photocathode, and 0jpsses is the transmission loss from the lamp to the endpoint of the fibre
due to attenuation in the fibre and connectors coupling losses. The solid angle €2 is related to the NA
and the core diameter of the fibre. The energy of one photon is

_he
D)

E (5.7)

where h is Planck’s constant, c the speed of light and A is their wavelength (assumed 200 nm). In-
verting Equation 5.7 we get the number of photons per Joule, Eyy,. The photons produced, Ny, are
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collimated and fed to the optical fibre, where they suffer an attenuation,

1 Q
Nph = —=— X PS X — X Olosses (5.8)
47

Eph

The photons are converted to electrons via photoelectric effect with efficiency QF
Ne_ = thE (5'9)
The total charge () will be the number of electrons times the charge of one electron, Q),-:

Q=N.-Q, (5.10)

Assuming values of 0.22 and 600 pm for NA and core diameter of the fibre, 100 mJ energy above the
work function of the photocathode per pulse'®, an attenuation of %% over 3m,anda QE of 1 x 1077

(for gold from Refs. [359, 360]), we obtain a value of the photoelectrons generated of
N, ~ 10°, (5.11)

where N,- is proportional to the charge, Q = ¢ N.-, and ¢ is the charge of one electron. The
estimated charge is then @) ~ O(100 {C).

5.3.2 Current induced in electrodes

As described before, the photoelectric effect generates electrons in the photocathode after a source of
photons that have energy higher than the work function of the surface material illuminates it. The
current induced on the electrodes depends on the number of electrons generated and the electric
field between the electrode grids. The current can be modelled by applying the Shockley-Ramo
theorem [361], which states that the current induced ¢ in a conductor A due to the motion of charges
is

i=qv-Ej, (5.12)

where v is the velocity of the charge carrier, and E4 is the electric field that would exist under the

following conditions:
« the charge carrier is removed,
« the conductor A is set on a unit potential,

« all the other conductors are grounded.

5Given the spectrum from the xenon lamp and the percentage of photons below the WF of gold.
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The potential of the conductor ¢ 4 is called the weighting potential, which is found by solving the

Laplace equation
V24 =0 (5.13)

The weighting potential is not affected by the applied voltages and only depends on the geometry.

The integration of the current gives the charge of the carriers,

8Q =~ [ idt = alpa(r) - pa ), (5.14)

As an example, Figure 5.20 shows two electrodes, A and C, separated by p + d distance, where at a
distance d, a screening grid is placed. The screening grid is simplified as parallel wires of radius r and
pitch between the wires a. In this scenario, the solution for the weighting potential of the conductor

Ais [362, 363, 364]

0 ifd<y<np,
paly) = (5.15)
4 if0<y<d,

from where it can be observed that one effect of the screening grid, besides screening the charge
placed on the other side of the grid, is to shorten in time the induced current pulse in the conductor
C. The longer the distance between the electrodes, the longer the pulse of induced charge, which

provides another reason to place screening grids in a PM.

Figure 5.20: Diagram of the derivation of the weighting potential: two electrodes (A and C), separated
by a screening grid consisting of wires of radius r and separation pitch a. The screening grid is at
distance d from the electrode C, and distance p from the electrode A.

In a realistic case, the screening grid has an efficiency given by its geometry, materials and overall
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transparency to the charges. The Equation 5.15 is modified as

o(1+Y%), if —d<y<0,

paly) = (5.16)

a+(1—o)%, if0 <y <p,
where ¢ quantifies the inefficiency of the grid to screen the charges from other drift regions. Ref. [365]
quantifies the screening inefficiency in the electrode A for plane-parallel wire electrodes, as

a a
~—1 (—) , 5.17
7 27p 8 27r (5:17)

where p is the distance between the screening grid and the anode A. Equation 5.17 is used to observe
qualitatively that increasing the relative distance between wires decreases the screening of charges.
There is a trade off between the screening efficiency and the transparency of the grid, necessary to

allow for all the electrons to drift through the grids.

5.3.3 Readout electronics

The readout circuit for the Xenoscope PM was conceived to be placed inside the cryostat to avoid
having signal losses over the 9m long signal cables. The circuit was designed together with the
Electronics Workshop at the University of Zurich. The readout electronics must be tested at LXe
temperatures, and demonstrate overall stability in signal reconstruction. The readout circuit, shown
in Figure 5.21 features a noise filter, an AC-coupling component, a transimpedance amplifier, AC-
coupling to remove noise offset, and a final voltage amplifier, with a 50 €} impedance termination to
match the one from the data acquisition. The transimpedance and voltage amplifiers are implemented
with two operational amplifiers (op-amps) model AD806, with a FET'® input amplifier [366]"7.

The filter removes high-frequency noise, which enhances the signal quality. The AC-coupling re-
moves the DC component along the HV applied in the electrode. The capacitor in series at the input
of the first amplification stage increase the dielectric strength of the circuit. Each capacitor is rated
for voltages of 3.3kV, giving a total voltage rating of approximate 10 kV. Both pre-amplifier cir-

cuits for the cathode and anode were tested before installation and show equal gain and frequency

16Fjeld-effect transistor
"The applied voltage across the two terminals of the op-amp controls the current flowing in the third terminal, i.e.,
the carriers (electrons in n-type material and holes in p-type). The output voltage Vour due to the amplification in the
transimpedance amplifier is given by
Vour = ﬁ X I,
where I is the input current, and R, C'r the resistor and the capacitance in the feedback loop of the amplifier, respec-
tively.
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Figure 5.21: Circuit design for the cathode signal readout in the PM, with a HV stabilising filter
and a two-stage signal amplification. The labels X4, X5 and X7 stand for the connection to the
electrode plate/disk, a direct connection to the HV supply, and protection Earth (PE) for grounding,
respectively. The initial filter removes AC components in the HV supply before it feeds the electrode.
The elements C and R stand for the capacitors and resistors in the circuit, given in units of Ohm
(€2) and farad (F). The capacitors C8, C9 and C10 decouple the AC component of the voltage from
the cathode/anode. The signal is then pre-amplified in the transimpedance amplifier, filtered and
amplified again in the voltage amplifier. Figure credit: David Wolf.

The stability of the circuit was tested in a climate chamber in steps of 10 K from room temperature
down to 190 K. A test charge was connected into the input side of the circuit (X4 in the Figure 5.21),

and a calibration curve was acquired at 190 K, as shown in Figure 5.22. The calibration shows a

fC
mV Us
constant of the circuit, which could be a source of systematic error, was estimated as ~ 200 ns, and

charge amplification of 0.18 and overall good thermal stability. Additionally, the RC decay
thus negligible for most calculations compared to the ~ 7 s spread of the pulse from the flash lamp.
The charges seen in the cathode Q)¢ and anode () 4 will be the integration of the current pulse in the

first and third drift regions

t1
Qc = / To(tydt = 9T (1 — e—%) : (5.18)
0 t1
t1+t2+t3 tq4to+t
On = / Ia(t)dt = Qor () 2 (5.19)
t1+t2 t3

where () is the initial charge generated, 7 is the electron lifetime, ¢; is the time at the minimum of
the current pulse in the cathode, ¢5 is the drift time from the cathode to the anode, and ¢3 is the time
at the maximum of the current p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>