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Optimization of the vertical separation of multiple scatter
events in the LZ detector with applications in the sensitivity

to the Ov B3 decay of 136 x e

Abstract

The neutrinoless double beta (0v33) decay is a hypothesized process which, if observed, would
show that lepton number violating processes are possible, giving a plausible explanation to the
mechanism that lead to a matter dominated Universe, denominated as leptogenesis. It would
also lead to a better understanding of the Majorana nature of the neutrino (the neutrino as
its own antiparticle) and possibly clarify the neutrino mass hierarchy. The field of research
for the Ov3S is extremely active, with several running and planned experiments using distinct
technologies to the search for this decay.

The LZ experiment is a dual-phase xenon time projection chamber (TPC) designed to search
for dark matter in the form of WIMPs. The discovery potential of the LZ experiment does not
only fall on the dark matter WIMP search but in a wide range of rare decays and new physics,
such is the case of OvB3. With a projected 90% CL sensitivity of 1.06 x 102° years for the half
life of Ov58 decay in 136 xe (for an experimental live time of 1000 days), it can rival dedicated
OvpBp experiments. But as in other fields of science, the future of dark matter and rare event
searches is being planned now, with the new XLZD Consortium that intends to build a much
larger detector based on the work done in LZ, DARWIN and XENONnT.

For Ov 53, the main background sources are high energy gamma-rays, which have a high probabil-
ity of interacting multiple times. The importance of the development of a single scatter /multiple
scatter discrimination tool stands on the fact that the sensitivity of the LZ experiment for high
energies can be improved with a better distinction between single scatter and multiple scatter
events. This is done to some extent with the data processing and analysis framework of LZ
(LZap), but can be improved using dedicated technologies. In this work an algorithm was devel-
oped to explore the shape of the electroluminescence signal as a mean to characterize single-site
and multi-site interactions and improve the minimum vertical pulse vertex separation.
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LZap can natively discriminate pulses down to vertical separations of 4.4 mm for all events near
the top of the TPC. The developed algorithm was tested with real data from the LZ detector
and demonstrated that it is possible to identify multiple scatter interactions vertically separated
down to 2 mm for all drift times of the TPC. It also showed good potential in discriminating
pulses with a multiplicity higher than two, surpassing the original objective.
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Resumo

O decaimento duplo de electroes sem emissao de neutrinos (Ovf3) é um processo teorizado que,
se observado, mostrara que processos que violem a concervacao do numero lepténico poderao
existir, podendo explicar o mecanismo que conduziu o Universo a ser dominado por matéria,
denominado por leptogenesis. Poderd também explicar a natureza Majorana do neutrino (sendo
a sua prépria antiparticula) e possivelmente clarificar a hierarquia de massas dos neutrinos. A
area de pesquisa do Qv 35 é extremamente ativo, com diversas experiéncias em funcionamento e
a serem planeadas usando diversas tecnologias para procurar este decaimento.

A experiéncia LZ consiste numa camara de projegao temporal (TPC) de duas fases de Xenon
projetada para a descoberta the matéria escura na forma the WIMPs. O potencial de descoberta
da experiéncia de LZ nao estd s6 limitado a procura de WIMPs mas, também a outros decai-
mentos raros e fisica nova, como é o caso do Ov33. Com uma sensibilidade para o tempo de
meia vida para o decaimento Ov33 do 136 e de 1.06 x 10*® anos (para 1000 dias de aquisigao
de dados) assumindo um intervalo de confianga de 90%, consegue rivalizar com experiéncias
puramente dedicadas a OvBS3. De forma semelhante a outras area de ciéncia, o futuro esta a
ser planeado agora, como é o caso do Consorcio XLZD que pretende construir um detector de
grande dimensdes baseado no trabalho realizado em LZ, DARWIN e XENONnT.

Para o decaimento Ov3f, a principal fonte de fundos sao raios-gama de alta energia, que tém
uma elevada probabilidade de interagirem multiplas vezes. A importancia do desenvolvimento
de ferramentas de discriminacao entre eventos simples ou multiplos é justificada pelo facto de
a sensibilidade da experiéncia de LZ para altas energias poder ser melhorada com uma melhor
distincao entre eventos de simples ou multiplos. Isto é conseguido pela framework de proces-
samento de dados de LZ (LZap), mas pode ser melhorada usando técnicas dedicadas. Neste
trabalho um algoritmo foi desenvolvido para explorar o perfil do sinal de eletroluminescéncia,
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de forma a caracterizar melhor a topologia dos eventos e melhorar a separacao vertical minima
entre pulsos.

LZap pode discriminar nativamente pulsos até uma separacao vertical minima de 4.4 mm para
eventos no topo da TPC. O algoritmo desenvolvido foi testado com dados reais adquiridos pela
experiéncia LZ e demonstrou que ¢é possivel identificar pulsos com interacoes verticais multiplas
até a um minimo de 2 mm para todos os tempo de deriva da TPC. Além disso, também mostrou
potencial para discriminar pulsos com multiplicidades superiores a dois, ultrapassando o objetivo

inicial.
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Chapter 1

Overview

The LUX-ZEPLIN (LZ) experiment is dual-phase xenon time projection chamber (TPC) with
7 tonnes of active target mass, dedicated to rare event searches, such as WIMP dark matter or
neutrinoless double beta decay (OvB3). This work is focused on improving the vertical position
discrimination of multi-site interactions as a way of improving the sensibility to the Ov53 decay
on 130X e, for which the LZ experiment has a projected sensitivity of 1.06 x 10% years. Because of
the rare event search focus, the inner region of the LZ detector is an incredible quiet laboratory
due to the deep underground location of the detector in order to reduce the muon flux from the
upper atmosphere, physical shielding, background veto systems and the self-shielding nature of

liquid xenon (LXe).

The OvBp3 decay is characterized by a mono-energetic peak, as all of the energy is shared by
the two electrons emitted. The Ovf3 decay is a hypothesized lepton number violating (LNV)
process. If observed, it can shed light on the Majorana nature of the neutrino as its own
antiparticle and could provide some insights on the mechanisms that generated the baryon-
antibaryon asymmetry observed in the Universe today, most notably leptogenesis. This decay
may also provide good estimates for the value of the effective Majorana neutrino mass, since it
is deeply tied to the Ov3S5 decay rate.

The sensitivity of the O35 decay is dependent on the minimal vertical vertex separation of
multi-site interaction in the TPC, which is projected to be 3 mm for LZ. The data processing
and analysis framework of LZ (LZap), which is mostly tuned for WIMP search, does not achieve
this level of vertical separation (as per design) when analysing high energy events. This results
on the possibility of multiple scatter (MS) events being classified as single scatter (SS) at this
vertex separation scale. To increase the sensitivity for the OvS3 decay, it was necessary to
develop a dedicated tool to discriminate between SS and MS events in this regime.
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The algorithm developed in this work uses non-linear least squares regression methods, in order
to ascertain the topology of the event based on two prior topology assumptions: either a single
scatter or a double scatter high-energy event. Two regressions models are used assuming both
classifications (SS or MS) and analysed using two different metrics. To develop and fine tune
the algorithm, several sets of generated data from a simple S2 pulse generator were used. From
this data, it was possible to explore both algorithm and metric capabilities with promising
preliminary results. The algorithm also explored SS classified pulses from the first Science Run
(SR1) data of LZ. From this data it was determined that the algorithm could out-perform LZap
by reaching a minimal vertical vertex separation of 2 mm for all drift times and less than 1.5
mm for low drift time events, reaching the limit from which the signal loss starts to negatively
impact the sensitivity of the Ov383 decay. The algorithm also surpassed the initial expectations
by being able to identify events with multiplicity higher than two. The flexibility shown by the
algorithm at analysing different sets of data, gives promising prospects of its usages in different
experiments besides LZ, such as is the case of the third generation dark matter detector being
designed by the XLZD Consortium.

To understand the neutrinoless double beta (0v33) decay, it is fundamental to first understand
all the knowledge that lead to it. So, an overview on the neutrino physics and on some evidences
that may indicate that LNV processes may be possible are done in Chapter 2, where a brief review
on the different experimental techniques on the research of the Ov33 decay can also be found.
On Chapter 3, the LUX-ZEPLIN (LZ) experiment is presented, and the detector and the physics
behind xenon detectors are described. On Chapter 4 the framework used on the LZ experiment
(LZap) is deconstructed into its parts and the tool used to tune the developed algorithm and
the algorithm itself are explained. On Chapter 5 the results given by the algorithm, both for
simulated and real data, are presented and discussed. And finally, on Chapter 6 the conclusions

of the work done and some future prospects are discussed.



Chapter 2

Neutrino Physics and Experimental
Techniques

2.1 Beta Decay and the Neutrino Hypothesis

The B-decay is a type of nuclear decay, of which three modes exist, the 5~ (see Figure 2.1),
B+—decay and electron capture, corresponding to a electron and positron emission and a electron
capture from the nucleus, respectively. This single 5 emission would give rise to a discrete energy
spectrum, which is not consistent with the continuous spectrum observed as Figure 2.2. The
existence of an additional neutral particle was first theorized by Pauli to explain the continuous
nature of S-decay spectrum, as being the case, both leptonic particles would share the kinetic
energy corresponding to the Q-value of the reaction. This explains how the -decay conserves
momentum, energy and spin. This new particle is known as the neutrino, and being a lepton it
interacts via the weak force. Now, the three modes previously mentioned become, n — p+e +0v
(for 57) and p = n+et 4+ v (for 1) and e + p — n+ v (for the electron capture) [Kra88].

2.2 Neutrinos

2.2.1 Discovery of Neutrino Flavours

In 1936, Hans Bethe, using Fermi’s theory, postulated a process by which a neutrino would
be detected by direct observation, resorting to the inverse B-decay, described by the process
p+v — n+e". However, the estimated cross section is of the order 10" *em? for a 1 MeV
neutrino [GKO07], a value which seemed too low for a feasible experimental detection at the time.

3
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t p %

udu

udd

n

Figure 2.1: Feynman diagram for the single 8~ decay. The u and d represent the up and down
quarks, beginning with a udd configuration correspondent of a neutron, n and transforming into a udu

configuration correspondent of a proton, p. W™ represent the mediator boson for the weak force, e~ the
electron and 7, the electron anti neutrino.

It took almost 20 years to devise an experiment capable of such measurement. This advance,
done by Clyde Cowan and Frederick Reines, consisted on both having access to a large flux of
neutrinos, which consisted on the use of a nuclear reactor with a neutrino flux of 5 x 1025 tem ™2
and a large amount of detector target material (1400 litres of Cadmium-doped liquid scintillator
layered in between water targets and observed by light sensors) to overcome the low cross section
[Gri08]. The choice of water as the target was due to the fact that it is a proton rich environment
where the detection process is favoured. The positron is annihilated, producing back-to-back
511 keV 5-rays and the neutrons are absorbed by the Cadmium (which has a large cross section

for low energy neutron capture), producing a metastable nucleus that emits a photon when goes
to the ground state. The Cd neutron absorption is given by

T 2x1013 . - -

HGJ

<

Ly

:\O\ 4 4
S 1x107 :
(]

G

>

Q

3

e

=Y 0 ! ; .

0 5k 10k 15k 20k
Electron energy E in eV E,

Figure 2.2: Energy spectrum of electrons emitted during 5 decay in Tritium. Image from [K+19]
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n 4+ cd 1% cq 1% cd 4 (2.1)

) 109
where an exited state of

Cd is generated and then subsequently emits a 8 MeV ~ [RC53].
Together these two photon channels produce the signature of the inverse §-decay, which are

then detected by light sensors (photo-multipliers tubes or PMTs) .

In 1962, Lederman, Schwartz and Steinberger demonstrated that more than one type of neutrino
flavour existed, the muon and tau neutrinos. A beam of energetic protons striking a Beryllium
target was used to produce a shower of positive pions (7T+), which were guided toward a steel
wall letting the neutrinos and a very small number or muons pass by to the spark chamber. In

the spark chamber, the relevant processes were at the time

Vet+n—pte (2.2)

Vptn—ptu (2.3)

where v, and v, represent the electron an muon neutrinos respectively, n the neutron, p the
proton, e the electron and x4~ the muon. Both e and p~ generate distinct tracks that can be
discriminated based on their topology. To consider an event as a valid candidate, the produced
track must be contained within the fiducial volume of the chamber. If we assume that v, is the
same as v, then the rate of electron and muon production must be the same, contradicting the
observations, where only 6 electron showers of 29 predicted occur, proving the existence of v,
[DF62]. In 2001, the DONUT Collaboration found evidence of the tau neutrino (v, ), resorting
to the visualization of the “kink” angle of the tau decay [Pat01].

Today 3 different neutrinos flavours are known, corresponding to the three flavours of leptons:
electron, muon and tau. The Gargamelle Collaboration at CERN found evidence for neutral
currents involved in neutrino interactions, confirming the unification of electromagnetic and
weak forces [DLL19]. Later, the UA1 and UA2 experiments, also at CERN, discovered the Z
and W™ bosons which mediate the weak interactions [DLR15].

2.3 Neutrino Flavour Oscillations

2.3.1 Oscillation Evidences

The energy output of the Sun is due to the fusion of Hydrogen present in the core of the star into
heavier elements. These process consists on the pp chain and CNO cycle [Gri08], which obey
the baryon, lepton, electric charge and energy conservation laws. Because of this, one can know
that the flux of neutrinos is constant and is given by the sum of all processes which have the
emission of an electron neutrino in their final products. The pp chain starts with two processes
[Gri08]:
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p+p—D+e +u, (2.4)

and
p+e +p—D+u, (2.5)

which have a probability of 99.76% and 0.24%, respectively. Then follows
D+p—"He+~ (2.6)
From the production of SH e, three branches emerge. The first (p-p I) is given by
3 3 4
He+"He —-"He+p+p (2.7)
, which has a probability of 84.6%. With 15.4% a second reaction given by
*He+'He —" Be + v (2.8)

that branches out into two the second (p-p II) and third (p-p III) branches, with a probability
of 99.89% and 0.11%, respectively. The p-p II is given by

"Be+e" »"Li+u, (2.9)
followed by
"Li+p—"He+"He (2.10)
Finally, the p-p III is given by
"Be+p =B+~ (2.11)
followed by
B —®Be+et 4, (2.12)

The Sun, being a type-G star, has only two significant Carbon-Nitrogen-Oxigen (CNO) cycles, 1
and II. The naming of “cycle” means that reaction happens in a loop feeding itself. The CNO-I
cycle is given by

FC+p =1 N+~ (2.13)
PN @ C+et 41, (2.14)
Bap o N4y (2.15)
UN+p—= 0+y (2.16)
0 5 N+et + 1, (2.17)
PN+p—gC+a (2.18)

The CNO-II cycle is a minor branch with a probability of only 0.04%, where %SN does not
produce éZC’ and an a-particle and alternatively keeps fusing, generating new nuclei. This is
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given by
PN4+posd0+n (2.19)
LO+p—g Fy (2.20)
O F 58 O+et 40, (2.21)
FO0+p—s* N+a (2.22)

From this point on, the CNO-II and CNO-I cycles merge, closing the loop. These two cycles can
be analogously seen as an electric circuit with two different valued resistances mounted parallel
to each other, with one common power source. The multiple processes described here generate
a neutrino flux which the theorized values are shown in Figure 2.3.

104
1013

pp [£ 0.6 %]

loli
10'° Be [+ 7 %]
] -
igs x \A° o) i ”";_j'.','.i‘.‘.'.'.'J'.‘.'.'.i “““ fp [+ 1.2 %]

Flux [cm™ s MeV]

ER=
TR ?

hep (30 %

L

\\\\

10
Neutrino Energy [MeV]

Figure 2.3: Solar neutrino flux from multiple nuclear reactions as a function of the neutrino energy.
Image from [D114].

Although an exact model does not exist, in a good approximation, they are independent of the
condition variances of the Sun. Their relative contributions are estimated using standard solar
models, which take into account the chemical composition, temperature and density distribution
in the Sun’s core.

The Ray Davis and John D. Bahcall’s Homestake Experiment had the purpose of measuring
the neutrino flux from the Sun and consisted on 615 tons of tetrachloroethylene on a tank at a
depth of 1480 meters, located at the Homestake gold mine in Lead, South Dakota, USA. The
detection mechanism is

Ol v, =T Ar 4+ e (2.23)

with a threshold energy of 814 keV [DS98]. The 37 Ar was then gassed out every couple of weeks
by bubbling helium through the tank, and then measuring its S decay rate with a proportional
counter, the neutrino capture rate could be inferred. The solar neutrino flux measured by the
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Homestake Experiment, between 1970 and 1994, revealed a discrepancy with the theoretical
value from the Standard Solar Model (SSM), resulting in only a third of the expected flux being
detected [C198], seen as first evidence for the flavour neutrino changes, also known as neutrino
oscillations.

If the electron neutrinos (v,) were shown to oscillate, the hypothesis was extended for other
neutrino flavours, such as muon neutrinos (v,). These neutrinos are produced by cosmic rays
which are constantly bombarding the Earth’s atmosphere, being mainly composed of protons,
« particles and, more rarely, heavier nuclei. These particles have a very large continuous energy
spectrum up to 10%° eV and the flux decreases very rapidly as the energy increases. As these
cosmic rays enter Earth’s atmosphere, they interact with nuclei present in upper atmosphere
producing pions, and less frequently, K mesons. Because these products are not stable, they
decay into less energetic configurations [KN12]

=+, (2.24)
T —u +7, (2.25)
The muons further decay via
et 4o+ v, (2.26)
po—e +v.+v, (2.27)

The production rate of v, and v, should be approximately the same because the decay chains
both produce the muon neutrino and its antiparticle, so any difference in the decay rate is
cancelled out. That is no the case for the v, and v, as they are unique for each decay chain,
and therefore their production rate is directly related with the flux of 7 or 7. To prevent
dependency on the rt flux, the sum of the neutrino and antineutrino of each flavour must be
used. These make the majority of the processes by which atmospheric neutrinos are created, and
so one can see that the fluxes of all neutrinos and their antiparticles counterparts are strictly
related as

207, +v,) =07, +v,) (2.28)

where ® represents the neutrino flux. For energies ranges higher than a few GeV, a fraction
of muons do not decay before reaching the surface, meaning that the flux rate between the
two flavours does not hold the 2 factor as seen in Figure 2.4. However, we can calculate with
accuracy the fraction that does decay and correct this effect.

The Super-Kamiokande experiment is a 50 kiloton ultrapure water tank designed to detect
Cherenkov radiation. The mechanism to detected neutrinos is given by the interaction mostly
between incoming electron or muon neutrino with an atom producing either a electron or a
positron that move faster than the speed of light in that medium [F*98].

From both decay chains previously mentioned for the pions, we can also reason that

®(D,) ~ B(v,) (2.29)
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Figure 2.4: Zenith angle dependency on fluxes of atmospheric v, v,, v, and v, for different energy

ranges at Kamioka Observatory. The asymmetry seen for low energies is due to the geomagnetic field
which acts as a cutoff for the cosmic rays. This effect disappears for higher energies meaning that the
flux are up and down symmetric. Images from [KN12].

and that

~ (2.30)

The latter can be estimated precisely by measuring the ut and p~ flux ratio. So the v,, 7,, Yy
v, fluxes are known. Within the energy ranges of 0.1 and 10 GeV, the ratio between the muon

and electron neutrino is known with an uncertainty of only 5%.

The Super-Kamiokande experiment results showed an agreement with the Monte Carlo simu-
lations assuming the oscillation hypothesis, as is showed on the right hand side of Figure 2.5.
This result has an estimated probability of being caused by a statistical fluctuation of less than
0.001% and 1%, for energy scales of sub- and multi-GeV, respectively [F+98]. As the measured
v, flux has no significant deviation from the expected flux (see left hand side of Figure 2.5), the
deficit on the v, flux is in good agreement with the v, — v, flavour oscillation scenario [FT98].

SNO wielded similar results [BahO1] to the experiments previously discussed and expanded on
it. The SNO experiment was capable of having sensitivity to all neutrino flavours since it
could detect ®B solar neutrinos through multiple reactions: the Neutral Current (NC), elastic
scattering (ES) and Charged Current (CC), which are given by [AT02]

Vp+D —=p+n+uv,(NC) (2.31)
v, +e —uv,+e (ES) (2.32)
ve+D—=p+p+e (CO) (2.33)

where D represents a deuterium atom. The NC and ES reactions are sensitive to all three
neutrino flavours, while the CC reaction is only sensitive to the electron neutrino. The measured
fluxes are for the three currents are shown in Figure 2.6.
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Figure 2.5: Results from the Super Kamiokande experiment, where it is represented the number of
events expected for the the non existence (blue line) and existence (red line) of oscillations in muon
neutrinos produced in the atmosphere, as a function of the zenith angle. The black points with the

correspondent error bars are the experimental results, which are consistent with neutrino oscillations.
[Kaj16]
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Figure 2.6: Flux of ®B solar x4 and 7 neutrinos (® ) as function of the electron neutrino flux (®.). The
diagonal band, delimited by the dashed line, represents the total 8B flux as predicted by the Standard
Solar Model and the solid blue band is the measured in SNO by the Neutral Current. The red and green
bands represent the elastic scattering reaction and Charged Current (CC) reactions, respectively. The
fluxes are consistent with neutrino flavour oscillation since they intersect at the fit values for ®,, and
®,. [AT02]
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2.3.2 Mass Induced Neutrino Flavour Oscillation

The charged leptons with flavours | = e, p and 7 have an associated neutrino v; of the same
flavour and each flavour corresponds to a different leptonic number that is independently con-
served. If neutrinos have mass and leptons behave similarly to quarks, then each flavour is a
superposition of mass eigenstates, related to the flavour eigenstates by [GKO07]

3
) = Ui [Vim) (2.34)

where the v, are the mass eigenstates with m = 1, 2 and 3, and U, is the Neutrino Mix-
ing Matrix, also known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix. Explicitly,
Equation (2.34) becomes [GLZ18|:

Ve Uel Ue? UeS 41
VN = Uﬂl UNQ UN3 vy (235)
Vr UT]. UT2 U7'3 V3

The unitary nature of the PMNS matrix is only preserved if both mass and flavour states
contribute for the mixing. If this condition is satisfied then, for Dirac neutrinos, the PMNS
matrix can be expressed by three rotation angles (6;; with i, j =1, 2, 3) and one single complex
charge-parity (CP) violating phase (dop), taking the form [GLZ18]

_ _is
1 O 0 013 0 5136 Ycp C12 512 0
U = O (323 823 0 1 0 —S12 C12 0
0,
0 —523 623 —813€Z cp 0 013 0 0 1
L ) (2.36)
C19C S19C s e tcp
12€13 ' 12€13 ' 13
= | —519Con — C19892512€"°CP  ¢0Con — S19897512€  CP S9aC
12€23 12523513€ 12€23 12523513¢ 23C13
S19803 — C19Co38126° 0P  —C1o80n — §19Ce281260CF CoaC
| 512523 12€23513 12523 12€23513 23C13

where ¢;; and s;; are cos6;; and sin 6;;, respectively.

YR
Considering that neutrinos behave as free particles, the mass eigenstates evolve in time as plane
waves. In the Heisenberg picture we have the time evolution of a state given by [GK07, GLZ18]

vi(t)) = e 1,(0)) (2.37)

where F; = \/p2 +m? is the energy of the mass eigenstate of v; with mass m,;. The time
evolution of the flavour state («) is then given by

va(t)) = Z Usie™ " v;) (2.38)
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Assuming the unitary nature of the PMNS matrix (U 'y = 1) the mass eigenstates can be
expressed in terms of flavours eigenstates inverting (Equation 2.34), becoming

’Vi> = Z Uai ’Va> : (2.39)

From Equations (2.38) and (2.39), we obtain

mww—Z:(Zw@ﬁW%Qm» (2.40)

B:e),u‘)'r k:172’3

This tell us that for ¢ > 0 the neutrino state |v,(t)), which is a pure flavour state at t = 0,
becomes a superposition of the three different flavour eigenstates. This behavior is due to the non
diagonal structure of the mixing matrix U, otherwise each flavour eigenstate would correspond
to a specific mass eigenstate.

From this result we can calculate the time dependent probability of the transition [v,) — |vg)
[GLZ18]

2
P, = | wslva(®) |* =

Z Ui Uge”
k

(2.41)
=N Ui Us U Ugse BB,
¥

The Energy-momentum relation for ultra-relativistic (UR) neutrinos can be approximated by

[GKO07]
2
my
E,.~FE+ — 2.42
k 55 (2.42)
and for the case of two states we get the relation between the energies and the squared masses

. 2 2 2
differences (Amy,; = mj, —m;)

(2.43)

Also, since we are in the UR regime (mg L7y 2), E = |p] and we can approximate time to the
distance L, which is a more convenient way of expressing P, )|, 5) Therefore, the transition
probability in Equation 2.41 becomes [GKO07]

P, S, (B, L) = UniUspUsUp; exp ( —i 2EJ L) (2.44)
k.

Imposing a non-degenerate behaviour on the mass eigenstates, the wave function of these will
propagate differently and the neutrino flavour will oscillate between flavour eigenstates as it
propagates.

So far, only the transition probabilities were obtained, where a # . For the case of a = 3
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which it is called survival probabilities the quadric products of the PMNS matrix on Equation
2.41 became real and equal to [GKO07]

Vo *[Usi (2.45)

thus resulting in a survival probability given by

Am2.

2 2 .2 k

P, L, (B, L) =1=4)  |Uy|*|Ugi|”sin ( 4E]L> (2.46)
k>j

The parameters that describe the neutrino oscillations transitions are the elements of the PMNS
matrix, which gives the mixing amplitudes between flavour and mass eigenstates, and the
squared-mass differences. Of these squared-mass two are independent (Amgl = Am%l + Amgg,
with Am?j = m? — m?), meaning that only Am%l and Am%;; need to be experimentally de-
termined. The Solar neutrino oscillations are more sensitive to the Am%l and 6,5, parameter,
while atmospheric neutrino oscillations have greater sensitivity to the Am§3 and 0,3 parameters,
because these are the dominant transitions happening for each case. Because of this Am%l and
Am§3 are known as Solar and Atmospheric mass difference, respectively. For the mass differ-
ence Am%l, nuclear neutrino experiments are used, as the main oscillation channel is the mass

eigenstates 1<+3, therefore complementing other measurements [QV15].

The data from Solar neutrino oscillations yields that Amgl is positive, meaning that m; < mgy in
the case that m; is the mass eigenstate with the biggest contribution for the electron neutrino.
One important consideration to take into account is the varying density of the Sun, also known
as the Mikheyev-Smirnov-Wolfenstein (MSW) effect, where the neutrino flavour oscillations are
enhanced due to interactions between the propagating neutrinos and the electron cloud of the
atoms of the solar medium. Thus the propagation behavior of neutrino oscillations is different
whether it propagates through a vacuum or through matter and the oscillations depend on the
signal of Am3, [Smi03].

For atmospheric neutrino oscillations, the distance neutrinos travel through Earth is not enough
to determine the signal of both Am§3 and Am%l, which must have similar magnitudes due to
the fact that Am%l < |Am§1]. Because of this uncertainty, two hierarchies arise (as seen in
Figure 2.7): the normal and the inverted hierarchy. In the scenario where Am%l > 0 ("normal
hierarchy”) we have m; < mq < ms. By opposition if Amgl < 0 (7inverted hierarchy”) v
becomes the mass eigenstate with the lowest mass, and we have ms < mq; < my. For 015, 013,
Am%l and \Am§1| the agreement between different experimental results are good, however for
the mixing angle 053 and the leptonic CP phase §-p the uncertainties are currently large.
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Figure 2.7: Simple representation of the two neutrino mass hierarchies. Image from [Vagl9].

2.4 Leptogenesis

From cosmological observations there is the indication that the number of baryons is unequal
to the number of antibaryons. All the structures of the Universe (planets, stars, galaxies,...)
are dominated by matter, with almost no antimatter present. This contradicts the assumption
that the Universe originated from a state with the same number of baryons and antibaryons.
It is unlike that the initial conditions in the early Universe were very fine tuned to produce
the asymmetry observed today, meaning that the present matter-antimatter asymmetry must
have been generated dynamically early on (baryogenesis). Also, if the Universe have been
expanding since the Big Bang (as Cosmic Microwave Background observations seem to indicate)
any baryonic asymmetry would have been diluted away [DNNOS].

Despite the very reduced initial asymmetry between baryons and antibaryons created by the
Big Bang, it is now quite obvious since the Universe is matter dominated, being defined as 7
and is given by the following expression [DNNO§]

"5 "B _ (6.21+0.16) x 107 (2.47)
n
Y

n

where npg, ng and n, are the number densities of baryons, antibaryons and photons at present
time, respectively [DNNO8]. Alternatively, the baryon asymmetry can be written by means of
entropy density (s) as

Yap = @ — (8.75+0.23) x 10" (2.48)

being a convenient way of expressing this asymmetry because s is conserved as the Universe
expands. The two definitions expressed in Equations 2.47 and 2.48 can be related as [DNNO§]

(2.49)
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where the null index represent the values at ¢t = 0.

Another way of of expressing this asymmetry is by the ratio (£23) between the baryonic density
and the critical energy density which can be related with n by

n=2.74%x10"%Qzh° (2.50)

where h is the Hubble parameter.

The baryon asymmetry is inferred by the relative concentration of light elements in the Universe
(nucleosynthesis) which are n dependent and the value of Qg can be obtained by the measure-
ment of the cosmic microwave background. The consistency between the two measurements,
constraint the value of the asymmetry, meaning that its value can be explained if a consistent
baryogenesis theory is determined [DNNOS§].

There are three considerations required for the baryogenesis hypothesis, known as the Sakharov
conditions [DNNOS|:

1. Baryon number violation, so that the initial state evolve from YAz = 0 to a final state
with YAB 75 0.

2. C and CP violation, so that processes involving baryons don’t evolve at the same rate as
C- and CP-conjugate processes involving antibaryons.

3. Out of equilibrium dynamics, since in equilibrium there are no asymmetries in quantum
numbers that are not conserved.

All three considerations are present in the Standard Model, but as it stands, no known SM
mechanism generates a large enough asymmetry.

In the Standard Model, the contribution of the non conservation of the baryon number and the
weak interactions which violates C and violates CP via the Kobayashi-Maskawa mechanism do
not justify the observed asymmetry. Also, the departure from thermal equilibrium occurs at
the electroweak phase transition, but once again the magnitude of this processes is not enough
[DNNOS].

One possible mechanism to explain the observed baryon asymmetry is the leptogenesis hypothe-
sis, proposed by Fukugita and Yanagida. It consists on the introductions of singlet neutrinos via
the seesaw mechanism [F'Y86]. In this scenario, the CP violation provided by Yukawa couplings
is enough of a source to explain 7. The lepton number violation comes from Majorana masses
(combination of the neutrino mass eigenstates and the neutrino mixing matrix terms [Ben15]) of
these new singlet neutrinos. By Standard Model sphaleron (a process static time-independent
solution to the electroweak field equations), the partial conversion from lepton asymmetry to
baryon asymmetry is assured [KS88], meaning that the dynamically generated lepton asymme-
try is converted into a baryon asymmetry due to B4+L violation interactions, which occur in the
SM [Rioll].
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More than explain baryogenesis, leptogenesis provides a strong argument for the Majorana
nature of the neutrino, which in turn allows the neutrinoless double beta decay (0v303), as it is

a lepton number violating process. Alongside the CP violation observed in neutrino oscillations,
searches for Ov 35 decays offer a good test for the leptogenesis hypothesis.

2.5 The Two Neutrino Double Beta Decay

The Double Beta decay (2v53) is a SM process with four different modes of decay

B (A Z) > (A, Z+2)+2e +27, (2.51)
whTBT (A, Z) = (A, Z —2)+ 2" + 21, (2.52)
2VECEC :2¢” + (A, 2) = (A, Z —2) + 2, (2.53)
WECB" :e” +(A,Z) = (A, Z-2)+e" +2u, (2.54)

where EC stands for electron capture and 37 and 8~ stands for the emission of a positron or
an electron, respectively.

For the purpose of this thesis, the first mode is chosen, where two neutrons decay simultaneously
into protons via weak interaction (mediated by W~ bosons) emitting two electrons and two
electron antineutrinos (see Figure 2.8). This process was first proposed by Goeppert-Mayer in
1935, giving an estimation for the half life time (7 12/3) on the order of 10" years, using the
Fermi theory of -disintegration and assuming that the protons and neutrons in the nucleus are
represented as two different states of a heavy particle and the electron and neutrino (assumed to
be outside the nucleus) are treated using the method of super-quantization [GM35]. The long
life time is due to the fact that it is a second-order process of electroweak interaction, meaning
that it is highly suppressed. In 1950 the first observation of the 2v33 decay was made in the
Inghram and Reynolds experiment, which used 180pe obtaining a half life of < 1 x 10! years
[IR50]. Since then, 12 have been identified to decay via 2v33 with half life times on the order
of ~ 10" to 10** years [Saal3].

For this decay to occur, the parent nucleus has to be even-even (denoting the parity of the number
of protons and of the number of neutrons) and the single beta decay has to be energetically
forbidden, meaning that the even-even nucleus is lighter than the odd-odd isobar counterpart
(see Figure 2.9). The binding energy of the nucleus is directly related with its mass. The later
is described by the semi-empirical mas formula [Kra88]:

Z? (N — 2)?

M(A, Z) = Nmy, + Zm,, — ay A+ agA”* + ac s T

+6(A, Z) (2.55)

where the first two terms are simply the masses of neutrons and protons present in the nucleus,
respectively, the third term is the volume term, which is proportional to the volume, the fourth
term is the surface term, the fifth is the Coulomb term which takes into account the repulsion
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Figure 2.8: Feynman diagram of the first decay mode for the Double Beta Decay. The R and L indexes
on the leptons represent the its chirality. The chirality of the electron and the antineutrino was only
observed to be left and right, respectively. Image from [D*21].

between the protons, the sixth is the asymmetry term which takes into account the asymmetry
between the number of protons and neutrons and finally the last term is the pairing term which
captures the effect of spin-coupling. This last term gives the information if the nucleus undergoes
a weak decay as it can take negative (even-even), zero(A-odd) or positive (odd-odd) values.
Because of this even-even nuclei generally have lower masses than their odd-odd counterparts
due to pair binding which lowers the binding state of the nucleus, resulting in an energetically
forbidden single beta decay.

v Even-A

M(A,Z)
T

Z-2 Z-1 Z Z+1 Z+2

Figure 2.9: Nuclear mass as function of the atomic number Z for a 2v33 decay candidate with A
even. For the even-even isotope, the 2v3( decay is possible when the single beta decay is energetically
forbidden.[Saal3]

The energy released is then shared by the leptonic products as the recoil of the nucleus can be
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neglected. For the double emission of electrons, the energy released is given as
Qpg = M(A,Z) — M(A, Z + 2) (2.56)

and this being the prevalent mode (since the alternative modes have a lower phase space) its
therefore the main focus of research.

The importance of the research for 2v 55 decay fall on the study of the structure of atomic nuclei,
where is a fundamental tool to determine the values of nuclear matrix elements (NMEs) which
in on themselves can be used to validate or disprove nuclear models. The best case scenario
would be the observation of double beta decay in two or more isotopes of the same element,
increasing the precision of measurement of the NMEs values .

2.6 The Neutrinoless Double Beta Decay

Similarly as the 2v3( process, the Ov35 also has 4 modes of decay, being the counterparts of
the SM process. They are represented as

0wB B : (A Z) = (A Z+2)+ 2 (2.57)
v Bt (A,2) = (A, Z —2) + 2" (2.58)
OvECEC : 2¢” + (A, Z) — (A, Z - 2) (2.59)
OWECBT :e” + (A, Z2) = (A, Z —2)+¢" (2.60)

where EC stands for electron capture and 8 and 8~ stands for the emission of a positron or an
electron, respectively. As mentioned before, the focus of this thesis is placed on the first mode
of decay which is represented in Figure 2.10.
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Figure 2.10: Feynman diagram of the first decay mode for the Neutrinoless Double Beta decay under
the assumption of a light Majorana neutrino exchange. Image from [D+21].
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Provided that neutrinos are Majorana particles (which meas that they are their own antiparticle)
and have mass, the simultaneous decay of two neutrons into two protons emitting two electrons
and no neutrinos should be possible and is known as Neutrinoless Double Beta Decay (0vf33).
This is a second-order and a lepton number violating (LNV) process, therefore stands outside
of the Standard Model scope. For this reason some new physics must be at play, giving rise to
many new theorised mechanisms, the most appealing of them being the light Majorana neutrino
exchange model, where the decay is mediated by the exchange of a light massive Majorana
neutrino, vy, [D716]. Since there are no emission of neutrinos, all the energy released is shared
by the electrons (once again the nucleus recoil is neglected). All 2v35 decaying isotopes are
candidates for Ov33 decay, as both decays have the same setup (see Figure 2.9).

The decay rate and subsequently the half life time (Tl%) depends on the “effective Majorana
neutrino mass” ((mgg)) which is given by [DPR19]

(mgg) = ‘ZszeQZ (2.61)
(2

where m,; represents the three mass eigenstates and U,; is the first row of the PMNS matrix, due
to the fact that the two leptonic vertices involve solely the electron flavour. For the neutrinoless
double beta decay to occur, the neutrino is required to be a Majorana particle (a particle that
is its own antiparticle), so three CP phases (§;) need to be added to the matrix U, these being
known as Majorana Phases which cannot be determined as no observable is currently known to
be dependent upon them [D16]. This also restricts the ability of determining the (mgg). The
rewritten form of the PMNS matrix is given by U DDM, where U” is the original PMNS matrix
containing the Dirac phase, and DMisa diagonal matrix containing all three Majorana Phases,
represented by the following expression

DM = e’ (2.62)

Since only the differences between phases are observed, by convention £ = 0. Finally the
effective Majorana mass” can be represented explicitly containing the Majorana Phases as

(mgg) = ‘ > me U (2.63)
i
where now U,; is the first row of the U PpM matrix.
The decay rate for the neutrinoless double beta decay is given by [D121]
ov Ovy—1 Ov 4, Ov 2<mﬂﬂ>2
I = (Ty,) " = GygalM™| Tz (2.64)
e

where G%’) is the phase-space factor, g4 is the axial vector coupling, M is the Nuclear Matrix
Elements (NMEs) for the Ov33 process and m, is the mass of the electron.
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2.6.1 Experimental Signature of the Ov33 Decay

Similarly to the single beta decay, the 2v58 mode presents itself as a continuous spectrum due
to the fact the neutrinos also share the energy released in the process. On the other hand, the
Ovf3S has no neutrinos being emitted, and thus the two electrons share almost the entirety of
the energy correspondent to the (g3, because only a small fraction of the energy is transferred
to the recoiling nucleus. Because of this, the signature of this decay has a mono-energetic peak
at Qpp as Figure 2.11 shows.
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Figure 2.11: Illustration of the spectrum for 2v83 (blue) and 0vB8 (red) decays for the 130T7¢. On the
bottom right corner of the picture is denoted the broadening of the Ov53 peak, which is has a theoretical
discrete value, to denote the non zero energy resolution of a real detector. Image from [CDF21].

To observe the Ov33 decay, a detector must be able to distinguish the peak at the Qg from the
backgrounds. So a complete understanding of backgrounds is required to distinguish it from the
real signal. The detector must also have a good enough energy resolution, in order to be able
to observe an excess rate of events in relation to the gamma lines near the Qgg.

Since the Ov3 3 decay is characterized by two electrons the topological resolution of the detector
has a great impact on the discrimination between single and multiple scatter events, impacting
therefore the sensitivity of an experiment, being that the focus of this thesis.

2.6.2 Probing Ov33 Mechanisms with Twin Isotopes

The existence of two isotopes from the same element, capable of decaying via Ov33 (same as
for the 2v33 decay mode), constraints the uncertainties associated with the NMEs calculation
and with the theoretical models themselves. This constraint is given by the ratio between the
half-lives of the two isotopes, which are sensitive to the Ov33 decay mechanism. This ratio is
given by
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B |M01/,A2| B GOV,AlTOV,Al
M T ’MOI/,A1’ - GOIJ,AQTOII,AQ

(2.65)

where M is the NMEs, G" is the phase-space factor and A; and A, denotes the two different
isotopes. However, R O does not depend on the lepton number violating parameters of the
model (such as (mgg)) as they cancel out.

This possibility occurs with Xenon, in particular with Bixe and PO Xe. Depending on the

nuclear models, R, o. for Xenon takes different values, such as R o = 312 for the renormalized

M N
quasiparticle random-phase approximation (QRPA) [SSF96] if the decay is mediated by a heavy

neutrino or R, o, = 2.00 for the case of the light neutrino mediated.

2.7 Experimental Techniques for Ov33 searches

The predicted half lives for O35 decays depend on the nuclear models being considered, but
are typically far greater than 10% years, and inversely related with the Q-value of each isotope
decay. The choice of target isotope for a Ov35 decay search experiment has to take into account
this important factor, since a longer half life means an increased effort to find such a rare decay.
But as in other fields of research, there are various other aspects to be considered. Those are
the natural abundance, accessibility of the target isotope (this includes the ease of enrichment
or extraction and its price) and the suitability of the technique to be used, since some isotopes
properties may be not suitable for certain techniques. Table 2.1 shows some of the isotopes used
for OvB6 decay search.

Q-value Natural Abundance

Isotope MeV] %]
BCa  4.263 0.187
BOng  3.371 5.6
%7y 3.348 2.8
a0 3.035 9.8
825 2.998 8.7
Wog 2813 7.5
1807e 9527 34.08
B6xe 2459 8.86
“Ge  2.039 7.73

Table 2.1: Candidate isotopes for Ov53 decay ordered by decreasing Q-value and their respective natural
abundance.

Because of the long half life, low background (BG) is a requirement that is strongly related with
the technique and isotope used. Here, a high Q-value is a benefit, as most backgrounds are in
the low energy region. The origins of this backgrounds are various, as they could be from cosmic
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rays (Ov 3 searches experiments are installed in deep underground laboratories to minimize this
background), internal contaminants within the target material itself (such as radon) and from
the various contaminants present in the detector components (such as thorium and uranium)
and external coming from the rocks of the mines where the detectors are placed. Attenuation
layers (such as lead shields or water surrounding tanks) are used for the identification and
discrimination of external BGs and rejection veto systems are put in place for both of internal
and external BGs.

Throughout the years, multiple techniques and isotopes have been developed and used. We can
distinguish five main methods for the search of Ov53 decay: Bolometers, External Trackers,
Scintillators, Semiconductors and Time Projection Chambers (TPCs). The next sections will be
dedicated to briefly explain these techniques and give some examples of Ov33 decay experiments
which use them.

2.7.1 Semiconductors

Semiconductors detectors are composed by crystal lattices of elements including Germanium
(Ge), Selenium (Se) or Tellurium (Te), amongst others. This type of detectors measure the
energy of an event by the collection of charges carriers (electrons) set free by an ionizing particle
interacting with the semiconductor material. The material ionization creates electron-hole pairs
which travel in opposite directions due to an applied electric field. Since the energy required to
produce these pairs is known and independent from the incident radiation, a proportional relation
between the electron-hole pairs and the energy of the incident radiation can be established.

Semiconductors can be highly purified with very little impurities on the crystal lattice, thus
resulting in a very low background environment. Semiconductor detectors have the best energy
resolution of all detection techniques, due to the very low statistical variation of the signal,
possible by the reduced energy required to create an electron-hole pair. However, the up-scaling
remains a challenging task, requiring a complexity increase of the apparatus to be able to
accommodate a larger amount of crystals.

The Large Enriched Germanium Experiment for Neutrinoless double-beta Decay (LEGEND) will
be installed at the Laboratori Nazionali del Gran Sasso, Italy, being a collaboration formed by the
combined efforts of the GERDA (see Figure 2.12b) and the MAJORANA DEMONSTRATOR
(MjD) collaborations [CS21]. The first one reached a sensitivity of T 10/; > 2.1 x 10*%y [AT20a]
with an energy resolution ranging between 2,7(2) keV FWHM (0.13% FWHM) and 4.3(1) keV
FWHM (0.21% FWHM) [A"17a]. LEGEND will have two phases: LEGEND-200 (L-200) seen
in Figure 2.12a and LEGEND-1000 (L-1000). The first will have 200 kg of HPGe crystals and
the second 1000 kg, with an approximate 92% Ge enrichment [LEG21]. The expected half-
life sensitivity is 1027y and 1028y [GLC19] for L-200 and L-1000, respectively. The energy
resolution will be at the same level as GERDAs and MjDs, with an upgrade (already tested
on GERDA) on the detector crystals to prevent degradation over time. For future additional
mass increases there are good prospects, as the energy resolution showed no dependency with
the mass employed.
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Figure 2.12: (a) Rendering of the germanium crystals used by the LEGEND-200 detector [L.20] and
(b) rendering of GERDA apparatus on the left and on the right the target crystals are illustrated in
detail [GER17].

2.7.2 Bolometers

Bolometers use crystals that contain the target isotope in their crystalline structure, such as
48Ca, 82271, 10OMo, 604 and 130Te, which are connected to a thermal bath at cryogenic
temperatures via a weak thermal link (resistance). When an interaction occurs, the deposited
energy results in a very small temperature increase, changing the resistivity of the thermal link,
that is subsequently measured.

The advantages of this technique are the low background due to the high purity levels of the
crystals, made possible by the used crystal growth processes, and a very good energy resolu-
tion (similar to Semiconductor detectors), due to the high efficiency on counting statistics of
phonons. This last characteristic being translated into the capability of measuring extremely
small shifts in temperature (which are typically on the order of 0.1 mK per MeV of deposited
energy [DPR19]), which is made possible by the usage of highly sensitive thermometers. Those
range from semiconductors as neutron-transmited-doped (NTD) Germanium (Ge) or Silicon
(Si) to metallic magnetic calomiters (MMC), between others. As this technique uses cryogenic
temperatures, the up scaling for ton scale detectors becomes a challenging task. Three major
experiments using this technique are CUORE, CUPID and AMoRE.

The Cryogenic Underground Observatory for Rare Events (CUORE) (Figure 2.13 on the right)
is located at the Laboratori Nazionali del Gran Sasso, Italy and uses, as target isotope, 130pe
on the form of extremely pure Tellurium Dioxide (T'eO,) crystals, which function both as source
and detector. The crystals are arranged in a cylindrical matrix of 19 towers with 13 floors, each
one composed of 4 crystals (detector modules) within a copper frame. These towers are then
placed inside a custom-made cryostat, keeping the crystals at approximately 10 mK [A+17C].
The total amount of T'eOy is 988 Kg containing 206 Kg of 1807e [A+21a]. The experiment set
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Figure 2.13: (left) Photography of the CUPID-Mo apparatus installed on the EDELWEISS set-up
[AT20e] that uses 21 kg of '®°Mo. (right) Rendering of the full CUORE apparatus [AT17c] with the
various levels of refrigeration and the multiple shields for background reduction.

a lower half life limit of 70 g > 2.2 % 1025y (90% C.1.), corresponding to an effective Majorana
mass of [mgg| < 90 — 135 meV, achieving an energy resolution of 7.8 + 0.5 keV FWHM or 0.3%
at Qap [AT21a][AT21D).

The CUORE Upgrade with Particle IDentification with Molybdenum (CUPID-Mo) (Figure
2.13 on the left), as the name implies, is an evolution of CUORE which will use the same
cryostat but 10270 is used instead of 130Te7 on the form of Molybdenum-enriched (more than
95%) Di-Lithium Molybdate (Liy"*MoO,) crystals, acting both as source and detector [Gro19].
For CUPID baseline and CUPID-1T, 6 mK temperatures seem to be feasible according to
the cryostat commissioning results [Grol9]. CUPID-Mo presented a result for the half life
of TIO/'; > 1.5 x 10%y [A"21e], corresponding to an effective Majorana mass of Imgg| < 310 — 540
meV, with an expected energy resolution on the order of less than 1% at 2615 keV [AT21¢].

2.7.3 External Trackers

External Trackers, also known as Tracking Calomiters, use thin foils of source isotope between
two regions filled with tracking gas at low pressure (the tracking layers) surrounded by calomiters
(scintillators) coupled with PMTs. The event reconstruction is made using calomiter informa-
tion, which identifies and gives the topological information, were the magnetic field present in
the tracking layers identifies the charge of the particle.

The advantages of this technique are the very good topological reconstruction, which leads to a
large efficiency of background discrimination and can also measure the angle between the two
electron paths from a Ov53 decay. However, there are also disadvantages as the thin foils used
make it difficult to construct a ton scale detector due to the poor size-isotope mass ratio of this
type of detectors.
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Figure 2.14: Graphical representation (human for reference) of a single SuperNEMO demonstrator
module (left) and its exploded-view (right), where the various components are labeled. Image from

[Gro].

SuperNEMO (Figure 2.14) is an experiment which uses this technique an is located in the
Modane Undergroung Laboratory, France, improving on the work done by NEMO-3 ( which set
an half life time of Tl% > 1.1 x 10**y (90% C.L.) for *** Mo [G616]). SuperNEMO will use **Se
as source isotope divided into 34 foils with a total mass of 6.3 Kg [Jer20] and has a projected
sensitivity of Ti/s > 10%y [Pah08]. The energy resolution is improved from [14-17)% FWHM at
1 MeV [G616] for NEMO-3 to 7%/VE (4% at Q) [Pah08].

2.7.4 Scintillators

Scintillators rely on the physical property of luminescence, in which a material emits light after
an interaction with an incident particle with enough energy to exceed the excitation energy of
the target. Scintillators can be divided into two categories: inorganic and organic.

Inorganic scintillators are crystals grown in high temperature furnaces. They usually have high
density, high atomic number and a decay time on order of the microsecond. The scintillation
arises from the crystalline structure (crystal lattice). The main difficulty of this technique for
Ovp353, which uses 480@, is the enrichment of the crystal, given that this source isotope has only
0.187% of natural abundance.

Organic scintillators get their scintillation from transition levels of molecules or atoms. The
pulse decay times are 100 times faster than the inorganic counterparts. Organic Scintillators for
Ovp3f searches usually use Liquid Organic Solutions, which are made by dissolving an organic
scintillator in a solvent. This technique can be easily scalable to multi tonne experiment, which
counteracts the worse energy resolution compared with other techniques.

The Kamioka Liquid ANtinneutrino detector with Xenon (KamLAND-Zen / KLZ) is located at
the Kamioka Observatory (Hida), Japan. The first iteration of the experiment (KLZ400) 2.15
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used liquid at 37,5% enriched 136 xe diluted in a liquid scintillator. KLL.Z400 reached a sensitivity
of Tl% > 1.07 x 10*%y with an energy resolution of of 4.7% at Qpp [STKZC17].

KLZ800 has the objective of reaching the sensitivity to probe the Inverted Hierarchy region
[STtKZC17]. It uses 745 kg of 91% enriched Xenon [Li21] and with 2v35 background rejection,
is expected to reach approximately an energy resolution of 2% FWHM at Qg5 [SFEKZC17]. As
of now, KLZ800 has provided a first result for the half life of 71 > 2.3 x 10°%y [Zen22].

The Sudbury Neutrino Observatory Plus (SNO+) (see Figure 2.15 on the right) experiment is
located in the SNOLAB (Vale’s Creighton Mine), Canada. It uses 780 tonnes of "*Te-loaded
liquid scintillator (Te-LS) (1300 Kg of "*"Te as the source isotope) inside an Acrylic Vessel (AV).

For the half life, the expected sensitivity after 5 years is Tlo/'; > 2.1 % 1026y [A+16a]. This result
is for a 0.5% "“'Te loading (by mass), corresponding to a total mass of Te of 3,9 tonnes. For
larger loading of Te, the sensitivity may reach the T 10/12/ > 1027, being therefore able to probe the
inverted hierarchy region [A+16a]. The expected energy resolution is set for a few hundreds of
keV (about 4 to 10% FWHM [AT16b)).
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Figure 2.15: Schematic of the KamLAND-Zen 400 apparatus (left). The Inner Balloon (IB) contains
the “"" Xe + LS solution, surrounded by the Outer Balloon (OB) filled with liquid scintillator to detect
U,. The outer most layer is filled with mineral oil (buffet oil) used to reduce ~ radiation from internal and
external radioactive contaminants. Surrounding all this are the PMTs which detect the scintillation light
[AT22d]. Rendering of the SNO+ (right) apparatus where the AV (orange sphere) contains the Te-LS and
has 12 m of diameter, surrounded by a constellation of 9362 PMT's submersed in 7000 tones of ultra-pure
water, providing passive shielding from radioactive contaminants from the cavern walls [A+16a].
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2.7.5 Time Projection Chambers

A Time Projection Chamber (TPC) consists in a volume filled with a medium in a parallel
and uniform electric (and possibly also a magnetic) field, capable of measuring the position and
energy of an ionizing interaction. The medium can be in different states, either gas, liquid, both
(dual-phase) or even solid [CA13]. These detectors can use two energy channels: scintillation,
ionization or both. These signals are used to reconstruct the topology, position and energy of
the event. If both scintillation and ionization signals are used, the commonly denomination
given to them is S1 and S2 signals, respectively. The S1 signal sets the initial event detection
and ionized electrons drift to produce the S2 signal. The time delay between the S1 and the S2
(electron or light collection) signals gives the position in relation with the anode and cathode.

For Ovff decay searches xenon has been the status quo choice due to its high density and the
fact that contain isotopes that may decay via Ov35 decay. The single-phase gaseous TPCs,
which use high-pressure Xe gas (about 15 Bar) offer the best energy resolution (less than 0.5%
FWHM at Q) and the possibility to reconstruct the tracks of the emitted electrons, but the
single-phase liquid TPCs offer the greatest source density. The dual-phase TPCs try to achieve
both high source density and good energy resolution. This is done by keeping the liquid close to
its boiling point, as a mean to create a liquid-gas interface. The importance of the coexisting gas
phase stands on the multiplication factor between the ionized electrons and the light production
in the gas-phase (electroluminescence). Moreover, the self-shielding and high density of Xe, and
the single-electron detection using electroluminescence makes the dual-phase TPCs one of the
best techniques for the research of rare events, such as the OvG3 [DPR19].

All the different approaches for xenon TPCs are used for Ov3j searches. The Enriched Xenon
Observatory (EXO) uses 80,6% of '*® Xe enriched liquid with a total mass of 161 kg. The sensi-
tivity obtained for the half time life was > 3.5 x 1025y, corresponding to an effective Majorana
mass of [mgg| < 93—286 meV [AT19]. The neutrinoless EXO (nEXO) experiment will be built in
SNOLAB, Canada, being filled with 90% enriched liquid Xe (about 4600 Kg of '*° X¢) [nEX18].
The projected sensitivity for the half life Tl%’ > 9.2 x 1027y, corresponding to an effective Ma-
jorana mass of |mgg| < 21 — 69 meV [nEX18]. Reaching an energy resolution of approximately
1% FWHM [nEX18]. Also, the Neutrino Experiment with a Xenon TPC (NEXT) will use 91%
of ¥ Xe enriched gas with a total mass of 100 kg. The projected sensitivity for the half life is
> 6.0 X 10253/, corresponding to an effective Majorana mass of [mgg| < 80 — 160 meV, achieving
an energy resolution close to 0,5% FWHM near the Qg [MA"15]. The dual-phase approach
is the main focus of the thesis and it will be discussed in detail in the next Chapter, which is
centered around the LUX-ZEPLIN experiment and a future third generation (G3) detector.






Chapter 3

The LUX-ZEPLIN Experiment

LUX-ZEPLIN (LZ) is an experiment searching for dark matter (DM) in the form of weakly
interactive massive paricles (WIMPs) and other rare events, located at the Sanford Underground
Research Facility (SURF) in Lead, South Dakota, USA. The LZ detector is assembled in the
Davis cavern at a depth of 1478 meters (4850 feet), which is equivalent to 4300 m of water depth.
Because of the DM search focus, LZ has the ability of observing low energy nuclear recoils (NR),
which are the characteristic signature of WIMPs. The LZ collaboration results from the merging
of the LUX and ZEPLIN collaborations, with its design being highly influenced by its parent
detectors (LUX and ZEPLIN) [A™20d].

LZ is a dual-phase xenon time projection chamber (TPC), meaning that inside of the detector
exists a liquid and a gas phase, with a total active mass of 7 tonnes. After 1000 live days it is
projected to exclude at 90% confidence level the spin-independent WIMP-nucleon interaction
cross Section above 1.4 x 10 ¢m? for a 40 GeV/c* mass WIMP [AT20c]. For the 0v38
decay of the 136 xe it is expected to have a sensitivity half life of 1.06 x 10% years [A+20d].
The detection of an event is done by measuring two light signals, S1 and S2, which correspond
to prompt scintillation light and to electroluminescence light, respectively. From the relative
magnitudes of those signals, the nature of the interaction is inferred, whether it is a nuclear
recoil (NR) or an electron recoil (ER) resulting from interactions with the atomic electrons.
Also the position of the event can be determined from the drift time delay between the S1 and
S2 signals (z coordinate) and from the spatial distribution of the S2 signal (xy plane).

As visible in Figure 3.1 the LZ TPC is placed in the center of the full apparatus, being radially
surrounded by the Skin veto region that also contains L.Xe, which acts as an electrical standoff
and as a veto to gamma rays and neutron interactions. The TPC and the Skin are housed inside
the inner cryostat vessel (ICV), which is operated at 174.1K and 1.791 bar [AT22b], that is
suspended inside the outer cryostat vessel (OCV), completing the inner detector (ID). Between

29
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the ICV and OCV there is a vaccum region acting as a thermal insulator. The Outer Detector
(OD) is composed of 9 acrylic vessels filled with Gadolinium loaded liquid scintillator (GaLsS)
which is enclosed by the water tank, where an array of 120 PMTs is mounted looking inwards
on a wall between the water tank wall and the acrylic vessels (see Figure 3.1).

Figure 3.1: Rendering of the LZ detector apparatus with the TPC placed in the middle (1), surrounded
by the acrylic vessels filled with GALS (2), which in itself is inside a water tank (4) where an array of
PMTs looking inwards is mounted (3). Are also visible the cathode high voltage feed through (5) and
the external neutron source tube (6) for calibrations. Image from [A™20d)].

3.1 The Time Projection Chamber

The drift region of the TPC has 145.6 cm of inner diameter and height. In the TPC there are
four grids which establish the electric fields. In an ascending order, are found the bottom and
cathode grids which sit near the bottom of the TPC and near the top sit the gate and anode
grids (see Figure 3.2). Below the cathode, the reverse field region has 13.78 c¢cm, bordered below
by the bottom grid which shields the array of 241 PMTs arranged in a close package hexagonal
pattern (Bottom array). Above the gate grid (which along with the cathode, establishes a drift
field in the liquid phase) sits the anode grid. The liquid-gas interface is between the gate and
the anode grids, 5 mm above the former and 8 mm below the latter [M"17]. The top PMT
array is b ¢cm above the anode grid and is composed of 253 PMTs, which are arranged on
an hexagonal pattern in the center which changes to a circular pattern at the perimeter. This
layout was chosen to optimize the xy position reconstruction of the S2 signal near the TPC walls.
Both arrays are composed of Hamamatsu R11410-22 PMTs, a variant tuned particularly for LZ
[A+20d]. The walls of the TPC (field cage) are composed of 58 rings of Polytetrafluoroethylene
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(b)

Figure 3.2: Rendering of (a) the top of the TPC where the Anode (blue) and Gate (grey) grid meshes
can be found, with part of the top PMTs array above it and (b) the bottom where the Cathode (red) and
Bottom (translucent) grid meshes are placed. The bottom PMTs are mounted just below the Bottom
grid and the PTFE panels (green for the ones above the cathode and grey below it) coat the lateral wall
of the TPC. Set between the PTFE panels are the titanium shaping rings (grey). Image from [M117].

(PTFE), each one composed of 24 segments 25 mm tall, for electrical insulation and for its high
reflectivity (> 97%) [NT17] to maximize light collection of the scintillation signal. The S1 signal
consists of the primary collection of scontillation photons, produced by an interaction in the
LXe phase. The segmented field cage prevents excessive charge accumulation observed in larger
PTFE panels [A+17b] and also reduces the stress caused by thermal contraction as the material
is subject to large temperature variations. It is important to maximize the photon collection,
as this determines the detector’s threshold. This is done by the use of high quantum efficiency
PMTs optimized for the wavelength of vacuum ultraviolet (VUV) photons.

As was previously mentioned, an electric filed is applied in the LXe, called drift field, that con-
ducts the electrons from the event position to the Gas phase. This field has nominal magnitude
of 193 V/cm in the active region. The extraction field which accelerates the electrons in the
gas-phase has a magnitude of 7.3 kV/cm at the radial center of the TPC [AT22b]. To establish
these fields a set of grids are mounted, being made of stainless steel in a cross mesh design with
a 90° angle between the wires. The choice of this design was done to reduce the load on the
support ring, as the tensions are more evenly distributed comparatively to a parallel wire setup.
To ensure that the field remains uniform, a set of 57 titanium shaping rings are mounted between
the PTFE panels (see Figure 3.2). Since the wires support each other, the mesh is also more
robust, making the fields more stable as the wire distortions are minimized. The specifications
of the grids are summarized in Table 3.1.
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Electrode Diam. Pitch Number
[pm]  [mm]
Anode 100 2.5 1169
Gate 75 5.0 583

Cathode 100 5.0 579
Bottom 75 5.0 565

Table 3.1: Parameters of all TPC grids where the pitch is the distance between the centers of the wires.
Values taken from [M*17].

The S2 signal is generated by ionization electrons when they enter into the gas phase (electro-
luminescence region), where they are accelerated by an electrical field (see Figure 3.3). This
acceleration gives the electrons enough energy to collide with xenon atoms to produce Xej ex-
cimers (see Section 3.3 for a detailed discussion on the excimers production), which in turn decay
and produce photons with a characteristic wavelength, in the vacuum ultraviolet (VUV) region.
The number of VUV photons produced is proportional to the path length of the electron. As
the electric field is established by two grids, the electrons will have different paths because some
will be directly under a wire and others may have to bend their trajectory to reach it, travelling
therefore a longer path and thus will produce more light [CA13]. The effect of the different
paths of the electrons in the gas phase does not significant impact the shape of the waveforms,
as the different path directions will even out. The operating pressure of the gas phase for the
first science run (SR1) was 1.791 bar [AT22b]. Each electron produces an average of 635 VUV
photons each, which are mostly detected by the top array PMTs with a detection efficiency for
SR1 of 0.0921 photons detected per photon produced.

3.2 Veto Systems

The veto systems provide the LZ experiment with a powerful discrimination mechanism for
internal and external radioactive backgrounds. Rare events, such as WIMP interactions or rare
decays, are only expected to generate signal in the TPC, while gammas and neutrons have a high
probability of also interact with the vetoes, allowing their exclusion. These are the Skin Detector
(Section 3.2.1) and the Outer Detector (Section 3.2.2), which help in the event discrimination
of gammas and neutrons from radioactive contaminants in the detector building materials and
high energy ~-rays originated from the cavern walls.

3.2.1 The Xenon Skin Detector

The Skin detector sits between the ICV and the PTFE light reflector cage, containing around 2
tonnes of LXe acting as a dielectric insulator and as a scintillation-only veto detector (primarily
for gamma rays). This reduces the amount of background, as light from particle interactions or
electrical breakdown in this region could be interpreted as a signal in the TPC.
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Figure 3.3: Illustration of an event in a dual-phase xenon TPC, where the interaction first produces
primary scintillation light (the S1 signal) and the extracted electrons produce secondary scintillation
when reaching the gas phase via electroluminescence (the S2 signal). From the difference between the S1
and S2 signal the vertical position can be inferred as the drift velocity is constant in the active volume
due to the uniformity of the the electric field, and from the light distribution of the S2 signal in the top
PMT array the XY position can be reconstructed. Image from [M*17].

The ICV has a 4 cm radial separation from the PTFE light reflector cage at the top, widening
to 8 cm at the cathode level to increase the standoff distance (because the voltage applied
on the bottom of the TPC is higher). This side Skin region is instrumented on the top with
93 1-inch Hamamatsu R8520-406 PMTs and at the bottom with 20 2-inch Hamamatsu R8778
PMTs [M"17]. The Skin is not only present on the sides of the TPC, but also on the ICV
bottom dome (which is located below the TPC), where 18 additional R8778 PMTs are mounted
horizontally with a radial disposition (12 looking outward and 6 inwards as seen in Figure 3.4).
These PMTs are covered by PTFE, as well as the ICV and other structures in the same region,
to improve light collection. Because of the coating of the PMTs and the reflectivity of the walls,
it is possible to observe in 95% of the Skin volume energy depositions superior to 100 keV.

lower side skin PMTs

‘ dome skin PMTs

Figure 3.4: Rendering of the bottom dome of the LZ detector Skin. The bottom PMTs (brown) are
divided in two groups: 20 lower side Skin PMTs facing upwards and 18 dome Skin PMTs (6 looking
inwards and 12 outwards). The shells of the ICV and OCV are also visible (grey). Image from [M*17].
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3.2.2 Outer Detector

The Outer Detector (OD) surrounds the cryostat and its composed of 4 acrylic vessels on the

side, 3 on the bottom, 2 on top and one plug (which can be removed to deploy 205 BiBe or ®Y Be

photoneutron sources) as seen in Figure 3.5. Theses acrylic vessels are all contained inside a

water tank, with 20 equally spaced ladders of 6 8-inch Hamamatsu R5912 PMTs looking inwards

to the acrylic vessels.

The energy threshold is set at 200 keV (minimal de-
tection of 37.6 photoelectrons with approximately
7% of detection efficiency [AT20d]) to avoid the "*C
decay with an energy of 156,5 keV that is present
in the liquid scintillator. The main purpose of the
OD is to moderate and capture neutrons originated
from the radioactive impurities in the materials used
outside the TPC. This is done by filling the acrylic
vessels with 17.3 tonnes of Gadolinium doped liquid
scintillator (GaLS), as the Gd has a high neutron
capture cross Section [M+17]. The neutrons are de-
tected mainly by the capture on Y5 Gd and 157Gd,
emitting a photo-cascade (on average 4,7 gamma
rays) with an energy of 7.9 MeV and 8.5 MeV, re-
spectively. Hydrogen neutron capture also occurs
with a frequency of 10%, producing a single photon
of 2.2 MeV. To enhance light collection, curtains of
Tyvek (a synthetic high density polyethylene fiber
which is water proof for the liquid water phase) cover
most of the surfaces within the OD [M*17].

Another important aspect of the OD is the pres-
ence of a water displacement (WD) layer between
the OCV and the lateral acrylic vessels, which is
composed by a foam (because of its low density)
to prevent neutron moderation in the water, and
therefore not lose the neutron capture signature of
2.2 MeV (Hydrogen capture). This signature would
be lost without the WD since the water does not
scintillate. Also, for time-coincidence purposes, it
is needed that neutrons that interacted in the TPC
volume are not thermalized before the OD.

To maximize neutron capture efficiency, the Gd con-
centration of 0.1% was chosen to make the hydrogen

Figure 3.5: Exploded view of the lateral
(green), top and bottom (blue) acrylic ves-
sels surrounding the OCV, plus the top plug
(green on top) where the Calibration Source
Delivery system is mounted. Also the water
displacements (red) and the base support sys-
tem (grey) are shown. Tmage from [AT20d].

capture channel sub-dominant (10% as was previously mentioned). Another consequence of the
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Gd doping level used is justified by the reduction of the average capture time of thermal neu-
trons in the LS from 200 us to 30 us. As this is an average, some neutrons may have longer
survival time until they are captured, thus the use of a time window of 500 us allows a detection
efficiency of 96.5% for a 200 keV threshold [M*17]. The OD, combined with the Skin veto (using
Monte Carlo simulations) is expected to allow a reduction efficiency on NR backgrounds in 1000
live-days of about 90% [A™20d].

3.3 Xenon Physics

Liquid noble elements, compared with other detector mediums, offer a distinctive response to
incident radiation where both scintillation photons and ionizing electrons are produced. This
results in a better characterization of interactions in the detector. Compared to other noble
elements such as argon, xenon has a higher and narrower temperature range (from about 162 K to
165 K at 1 atm) where it remains in the liquid phase, meaning that electronegative contaminants
are harder to remove since they do not freeze out [AD10]. However, the development of xenon
purification systems led to the required level of purity, even for multi ton detectors.

Liquid xenon has a density around 2.942 g/cmg. This high density makes it very efficient at
stopping penetrating radiation. It has 9 natural occurring isotopes none of which are short-lived,
with 2 of them being candidates for 0033 decay (***Xe [AT21¢] and **Xe [AT20b])).

The emission of luminescence (scintillation) in rare gases is due to the decay of excited excimers
to the ground state (short lived molecules formed by two species where at least one of them
has a complete valence shell). For LXe, the scintillation light has a wavelength centered at 171
nm (VUV photons), which is the characteristic decay energy of the excited excimer Xe5. This
excimer is created by two different processes, one involving excited atoms (Xe*) and the other
ions (Xe'), shown in Equations 3.1 and 3.2, respectively [AD10].

Xe' + Xe+ Xe — Xes + Xe

* (3.1)
Xey —2Xe+ 7y

Xet + Xe — Xeg
Xes +e — Xe™ + Xe (3.2)
X — Xe* + heat

The scintillation yield is the number of photons produced by an incident ionizing radiation of
energy E, which is £/w,,,, where W, is the average energy required to produce a single photon
assuming that there is no photon reduction processes, given by [AD10]

w
w,

Ph =1 New/N, (3.3)
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where W is the average energy required to produce an electron-ion pair and N, and N; are
the number of excitons and electron-ion pairs produced, respectively. The density of electron-
ion pairs produced along the path of a particle, called linear energy transfer (LET), directly
influences the scintillation yield. This is due to the recombination probability between electrons
and ions having a dependency with the density of electron-ion pairs. The excimer Xe5 decay
has two time components, since it can be in a singlet or triplet state. The observed singlet decay
time may give information about the type of interaction, since the production fraction of each
excimer depends on the recoil type (ER or NR) and dE/dz. This distinction only occurs when
no electric field is applied. But for LXe, when an electric field is applied the discrimination over
ER/NR is more effectively done by measuring the relation between the S1 and S2 magnitudes,
which is the case for the LZ experiment.

For NRs, the excitation density is higher than the one for ERs [AD10]. The ratio between the
scintillation yields for these two process types, dubbed relative scintillation efficiency (L)
is of importance for LXe detectors, as a mean of inferring the detectors sensitivity to dark
matter WIMPs. Compared to ER events, NR events have substantially less scintillation due to
quenching (energy lost to heat, which is not detected) for the same energy deposited.

When an incident particle interacts with the LXe, the energy deposited (E) generates electron-
ion pairs in proportion to its magnitude. This relation can be expressed by [AD10]

where N; is the number of electron-ions pairs produced, FE; is the average expenditure of energy
for electron-ion pair production, V., is the number of excited atoms produce, E., is the average
expenditure of energy for excited atom production and € is the average kinetic energy of the
sub-exciton electrons. The W value is defined as

N,

()

This value has very little dependence on the type and energy of the incident radiation, being
considered constant. For this reason the number of electron-ion pairs created is proportionally
related with the deposited energy. However, for the correct measure of the energy, it is essential
to have a high purity level to minimize the capture and subsequent loss of charge carriers.

The electron-ion pair production has a uncertainty (for an incident ionizing particle that de-
posited all of its energy in the medium) given by [AD10]

5% = <(N - Ni)2> = F x N, (3.6)

where F is the Fano factor, which is less than 1 and depends on the medium. The Poisson
distribution is the limit case when F=1. So the final energy resolution (AFE) limit for LXe
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detector takes the form

AE(keV) = 2.355\/F - W (eV) - E(MeV) (3.7)

where W (keV) is the W-value in keV and E(MeV') is the energy of the incident particle in MeV.
The best energy resolution, to date, has been from the LZ experiment with AE = 0.67 & 0.01%
at 2614 keV [Per22] (theoretical limit in the LXe AE = 0.14% FWHM using the F and W values
from [AD10]).

The excess of ionizing electrons can be efficiently extracted from the liquid to the gas phase by
the application of an electric field, which will suppress the recombination of electron-ion pairs.
For low fields, the drift velocity (vg) of electrons can be considered proportional to the electric
field together with a proportionality constant defined as the electron mobility, p,.. For higher
fields, the the drift velocity becomes electric field independent. In the presence of an electric
filed, the dispersion of charges (i.e. diffusion) is no longer isotropic, so two components arise:
the transversal diffusion (D) and the longitudinal (Dy). From the drift time, it is possible to
calculate the transversal diffusion spread (op,.) of the free electron cloud using the equation
from [AD10] given by

O'DT = \/ DTtd (38)

where t; is the drift time, which is defined as

ty =~ o, (3.9)

where d is the path distance of the charge carriers. For the longitudinal diffusion the spread
(0p, ) is given by [Sorl1]

2Dty | o
op, = = + op (3.10)
d

where o is a free parameter.

The longitudinal component of the diffusion is smaller than the transversal component and the
ratio Dr/Dy will tend to 1 for zero electric field [CA13].

Electro-negative impurities can reduce the number of electrons as they drift to the surface. This
process is described by the following expression

X+e — X~ (3.11)
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where X and X represent an electro-negative impurity and its respective ion and e represents
an electron. The temporal variance of the electron concentration is given by

2 — kxlex] (3.12)

where the square brackets denote the concentration of a substance and ky is the attachment
rate constant in the units of dm®mol 's™'. The Equation 3.12 leads to

e(t)] = e(0)eFxle 11X (3.13)

with the characteristic time, known as the electron lifetime, given by

7= (kx[X])™' (3.14)

To minimize this effect, the experiments use noble elements purification systems to extract as
much impurities as possible. With the purification systems implemented in LZ it was reached
an attenuation length of at least 100 meters.

The energy reconstructions of an event in a dual-phase TPC detector is made using the primary
scintillation, which occurs as some electron-ion pairs recombine and the secondary scintillation,
which correspond to when the drifted electrons reach the gas-phase of xenon and produce scintil-
lation. These two signals, given in units of photons detected, are dubbed S1 and S2, respectively.
The energy of an event is then given by

51 52) (3.15)

B W(+
g1 g2

where the W uses a mean value and g; and gy are the detector dependent gain factors.

3.4 Backgrounds

The LZ experiment has the requirement of having a very small background count, especially
in the central region of the TPC. As was previously mentioned, several means of background
rejection and anti-coincidence techniques were implemented to this goal. Despite the deep
underground placement of the detector (4300 m.w.e.), passive shielding, veto detectors and the
self shielding nature of the xenon, there are still background sources that have an influence in
the LZ sensitivity that must be taken into account. The xenon itself will produce BG as some
of its isotopes decay (although with very long half lives), such as the case of 136 xe that decays
via 2v33 decay and 124 xe that decays via 2v2FEC. Figure 3.6 shows the energy spectrum of LZ
background where is noticeable the gradual decrease for higher energies.
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Figure 3.6: Energy spectrum of LZ backgrounds event rate from first science run (SR1) data compared
to the expected event rate from the background model. Tmage from [AT22a].

3.4.1 Material Radioactivity and Davis Cavern Walls

All materials contain traces of long lived radioactive contaminants (mainly from the decay chains
of ?®U and 232Th), and for that reason all materials used in LZ have very restrict constraints on
the maximum radioactive activity allowed [AT20b]. The most notorious sources are the PMTs
themselves and their bases, the ICV and OCV (despite of the reduced radioactive content of
titanium, their very large mass makes them non negligible). The challenging nature of these
background sources stand on the close proximity with the active volume of the detector.

The PMTs chosen for the LZ TPC are low radioactivity, made possible by the combined de-
velopment done together with the manufacturer [M*17]. The PTFE used in the cryostat and
in other internal components may also be a source of neutrons, even though the contamination
level is smaller that of the PMTs, it is in direct contact with the LXe, which introduces an
NR contamination affecting the WIMP search [M+17]. For the OvB3S decay, the Hip; decay to
24Py and the 2071 decay to 208 py, (which decay via  emission) could represent a problematic
background sources, as these gamma lines (with a probability of 2.76% and 35.93% of occurring,
respectively) may be not identifiable by the 5 coincidence. This happens because the emitted
electron is trapped in the materials and only the gamma-ray is detected.

The rock of the Davis Cavern also contains radioactive contaminants from the 2°U and ***Th
chains. However these events can be tagged by the Skin and OD anti-coincidence vetoes [A+20b].

3.4.2 Radon Progeny

One of the daughters of ?2Rn is the M Bi which has a 2448 keV gamma line which can be
easily tagged by the 8 coincidence, with a rejection efficiency of at least 99.97% [A+20b]. The
problem however, occurs when Hip; decay via a “naked-$” (no gamma emission because the
21 po goes directly to the ground state) with a branch ratio of 19% [A20b] but this can also be
vetoed by the Mpo o decay due to the 164.3 ps half life. The final rejection of internal i p;
is more than 99.99% [A*20b).
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Another problematic background are the positively charged daughters of the *22 Ry, which can
be captured by the PTFE walls or drift to the cathode where they decay, producing background
events which cannot be vetoed using coincidence decay [A+20b].

3.4.3 Cosmogenic Backgrounds

Being located deep underground, the muon flux from the cosmic rays interacting with the atmo-
sphere is reduced by a factor of 3 x 10° compared with the surface flux [M"17]. However, some
muons survive and can be detected in the TPC and via Cherenkov radiation in the water tank
and/or scintillation light in the GdLS. Neutrons produced via muon-induced electromagnetic
and hadronic showers (especially in high-7Z materials) may not be easily identified and there-
fore generate background events. The neutron flux originated through water interactions or the
cavern walls is low, where the neutron flux from the rock walls is 0.5 x 107 nem™2s7! and a
production rate in water is 10" n K¢ 's™' [MT17].

Cosmogenic activation of BT x e, which is produced by the muon-induced neutron interaction
with %6 x e, can raise the amount of radioisotopes present in the LXe. The BTxe decays via
naked- with as branching ratio of 67%. Two sources of v-rays are 8¢ emitting 889 keV
and 1120 keV ~-rays and co (present in copper components) which are produced via neutron
capture and produce 1173 keV and 1332 keV ~-rays, respectively [M+17]. Also, xenon can
be activated during storage and transport. This results in the presence of 127y e, 129m xe and
18Im x e, which cannot be mitigated by self-shielding or purification. Once the xenon is moved
underground, these are no longer a concern as the activation is stalled and the radioisotopes

decay away.

3.4.4 Xenon Self-Shielding and Fiducialization

The backgrounds from the external sources of the TPC diminish exponentially as we move
deeper into the LXe due to the xenon self shielding nature (see Figure 3.7). To take advantage
of the self-shielding of LXe, a fiducial volume is selected to optimize the signal to BG ratio, since
both for WIMP and Ovj3/ decay searches the signal is expected to be uniformly distributed in
the full active volume of the LXe.

The LZ fiducial volume for the SR1 is defined as the region starting 12.8 cm above the cathode
up to 2.2 cm below the gate grid, expanding radially from the center until 4 cm from the PTFE
field cage. This volumes encloses 5,2 tonnes of xenon [A™22b]. The fiducial volume was projected
to contain 5.6 tonne of LXe with an estimated background count (NR + ER) from 1000 live
days of 6.38, after ER discrimination and NR efficiency being taken into account [M'17].

The lateral limit is defined thanks to the neutron tagging efficiency of the Skin, which helps
the present level of reduction required closer to the levels for v-rays (about 2 cm), otherwise
a limit of 6 cm would have been necessary for the fiducial radial limit. However, due to the
poorer xy-plane spacial resolution of S2s near the TPC wall, the fiducial volume radius has to
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Figure 3.7: Single scatter events in the region of interest (ROI) of WIMP search from total NR back-
ground and ER leakage (99.5% discrimination efficiency). On the right is clear to note that the anti-
coincidence veto has a great impact on the rejection efficiency, comparing with the image on the left
where no vetoing was made. The dashed line represents the fiducial volume, which encloses 5.6 tonnes of
LXe. Tmage from [M*17].

be reduced as to prevent background “leakage” from this events. For the vertical limits, only
the shelf shielding of xenon has to be considered. Thus, the bottom fiducial limit is much closer
to the lower limit of the drift region (compared with the upper fiducial limit distance from the
top of the drift region) since it has a bigger layer of LXe (about 14 cm), corresponding to the
reverse field region. For Ov33 decay is also defined a fiducial volume containing about 967 kg
of LXe, being defined as being between 26 and 96 cm from the cathode with a radius of 39
cm [A+20b]. This volume was optimized using a cut-and-count analysis and is shown in Figure
3.8. This volume is much smaller than the fiducial volume for WIMP search due to the high
penetration potential of vy-rays.
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Figure 3.8: Background event rate of ERs in the active region as a function of the TPC height (z) and
squared radius (7“2). The dashed white line represents the projected fiducial volume for WIMP search
and the black dashed line represents the fidutial volume for Ovg83 decay searches. Image from [A+20b]
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3.5 Simulations

Background simulations are an integral part of an experiment, giving information about the
expected BGs and estimation of the rejection efficiency of the BG mitigation techniques. These
simulations thus need a good understanding of all radioactive sources (internal and external
to the detector) present and an accurate description of the detector layout [M'17]. These
simulations gave good estimates as can be seen in Figure 3.9 in comparison with the SR1 data.
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Figure 3.9: Relative difference of background counts between the background model and the SR1 data
as a function of the energy. The energy range is the same as in Figure 3.6. Image from [A+22a].

In the particular case of LZ, all possible contamination sources described previously are taken
into account, being normalized a posteriori for each component and source. Together with
background events, also calibration sources are simulated. The software used was BACCARAT,
which is an in-house software, tracks particles using the underlying GEANT4 famework [A+21d].
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Figure 3.10: Simulation chains used by the LZ collaboration to generate data for sensitivity analyses.
Image from [AT21d].

LZ simulations have two chains for different purposes, output and utility (see Figure 3.10). The
first fast chain enables large data sets to be generated as it only records the energy deposited,
generating both S1 and S2 signals using Noble Element Simulation Technique (NEST) [A+21d].
The large data samples generated can be used to estimate BG rates and the sensitivity of the
detector. The second chain is a much more detailed description of an event, as the ionization
electrons and the VUV photons interactions on xenon and the scintillation light produced in
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the GALS are simulated. These light collection interactions were not well-modelled in GEANT4
[A*21d], so BACCARAT had to be updated with the required models to get an accurate view of
the events in the detector. NEST simulates all the interactions that may occur within the xenon
volume, taking into account several conditions of the xenon and interaction, returning the model-
ing of the time dependent S1 and S2 shape profiles. After BACCARAT-+G4S1(S2)Light generate
the PMTs counts and times, these are translated into waveforms by the Detector Electronics
Response (DER), which simulates the various electronic stages. Finally, the data simulated is
passed through the LZ analysis framework, performing pulse and event reconstruction setting
the data in a format similar to the real data.

3.6 Calibrations

To fully understand the response of the various detectors in the LZ experiment, a wide range cal-
ibration strategy was developed, where different types of radioactive sources are used throughout
the detector. These sources are deployed separately to study particular and relevant interactions
similar to those LZ intends to search or reject. There are 4 deployment strategies:

e Internal Source Delivery which consists of the introduction of a source mixed into the LXe
(ER response only );

e External Source Delivery where the source is placed in one of 3 equally spaced spots
between the ICV and the OCV with adjustable heights, called Calibration Source Delivery
(CSD) (gamma sources to the ER response and neutron sources for NR).

e Photoneutron Source Delivery that is located on the top of the cryostat in the place of the
top acrylic plug (see Figure 3.5) (NR response only);

e Deuterium-Deuterium Neutron Source to calibrate nuclear recoils (NR response only).

3.6.1 Internal Source Delivery

LZ uses 4 gaseous radioisotopes which are mixed with the LXe to make low energy ER cali-
brations, as the self shielding of xenon prevents the use of external low energy sources [M*17].
These radioactive sources have unique properties which make each one of them suitable for dis-
tinct tasks. For spatially-varying efficiency effects calibration 83 11 is used because it has a
mono-energetic peak at () = 41 keV with an half life of 7, = 1.8 hours (a low half life means
that there are no long lasting effects of the calibration, therefore not influencing the sensitivity
of future data).

To calibrate, for example, the pulse width over the drift time the used isotope is 131m e, since
it has a longer half life of T =11 days, allowing a greater homogeneity inside the LXe. The
deployment system is very much the same one as for 83m g r, but now using 18ly , having a
probability of 0.39% of transitioning to 18Im X¢ The calibration signature is a mono-energetic
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peak at Q = 164 keV, having also the capacity of being used in the calibration of the Skin
region.

Finally for very low energy ERs, Tritium-labelled Methane (CH3T') is used, since the Tritium
decay emits [-electrons with an energy endpoint of ) = 18.6 keV. The longer half-life of Tritium
(T), = 12.3 years) will contribute for the background after the calibration. This means that
it has to be removed, which is achieved with the LZ getter (xenon circulation system) with a
good efficiency, method demonstrated by the LUX experiment, with characteristic half lives of
the order of a couple of days [M"17].

3.6.2 External Source Delivery

The Calibration Source Deployment (CSD) system consists on a stepper motor to move 3 nylon
filaments, which hold the calibration sources. These are capable of placing a source as high as
the top of the water tank and down beyond the cathode level, covering the 6 m lenght of the
calibration tubes [M™*17].

For the NR calibrations, 2 neutron sources are used the CSD: AmBe and AmLi, which consist
on a source of a-particles (Am) that interacts with a light target emitting a neutron, known
as an (a,n) reaction. For AmBe the emitted neutron can reach an energy up to 11 MeV and
for up to 1,5 MeV for the AmLi source. The advantage of using AmLi over AmBe stands on
the fact that the maximum energy transferred to the recoil nucleus (40 keV) is much lower and
closer to the range of energies expected for NRs of lighter WIMPs.

Gamma sources are also deployed in the CSD and used to calibrate all three detectors of LZ
(TPC, Skin and OD). The use of 2Ng as a timing synchronicity calibration is fundamental,
since it produces two back to back 511 keV gammas. These two gammas can be then detected
simultaneously in the OD, Skin and the TPC to possibly detect any timing difference.

3.6.3 Photoneutron Source Deployment

Photoneutron Sources exploit (,n) reactions on nuclei to produce neutrons. In LZ, these sources
are deployed on the top of the OCV in the middle of the top acrylic vessels.

The photoneutron sources deployed are 25BiBe and 88YBe, which produce neutrons with
discrete energy of 88.5 keV and 152 keV, which are capable of inducing NRs with endpoints
of 2.7 keV and 4.6 keV, respectively. The S1 versus S2 spectra for these events are similar to
the spectra from coherent nucleus scattering ®B solar neutrinos, that pose a potential BG for
WIMP research for the light mass regime [M*17].
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3.6.4 Deuterium-Deuterium Neutron Source

A deuterium-deuterium (DD) neutron source is deployed outside the water tank and the conduits
seen in Figure 3.1 labelled with the number 6 are used to create a collimated beam of neutrons.
The DD neutron source is shown in Figure 3.1 (labeled with the number 6) for nuclear recoil
calibrations. This source exploits the fusion of two deuterium atoms from which are produced
one *He atom and one neutron. The neutrons produced are mono-energetic with an energy of
2.45 MeV and the flux can be set between 4 x 10° and 10°. These neutrons can be converted
into a quasi-mono-energetic neutron beam with 274 keV of minimum energy by the usage of a
Deuterium-based Neutron reflector to direct the neutrons to the conduit. To prevent that high
energy neutrons coming directly from the DD source mix with the reflected neutrons, the source
is shifted from the conduit opening. To study the 2.45 MeV neutrons, a narrower conduit is
used to ensure that the beam is highly collimated. For this setup, the DD source is in front of
the narrower conduit.

3.7 Next Generation Detectors

A next generation low background xenon detector is already being planned, also known as G3
detector. This is the objective of the XLZD consortium, which is composed by the LUX-ZEPLIN,
Darwin and XENONnT collaborations, with the intent of building a xenon dual-phase TPC
detector with up to 100 tonnes of xenon. Despite this increase of the order of x10 in detector
mass, the cylindrical geometry results in only a factor of X2 increase in detector dimensions
(approximately 3 meters both in height and diameter) [AT22¢], corresponding to about 2000 js
of drift time assuming the drift velocity of LZ.

The main goal of this detector is to explore the remaining WIMP parameter space down to the
so-called “neutrino fog” [A+22e]. But given its size and extremely low background (achieved
thanks to xenon self-shielding and veto systems similar to the LZ Skin and OD), the XLZD
detector can also be very competitive in other rare searches, in particular Ovbb decay in 16 xe
[AT22¢].






Chapter 4

LZap Framework and Pulse
Discrimination Algorithm

An indispensable component of any experiment is the processing and interpretation of the raw
data acquired. Therefore, a data analysis framework must be implemented, aimed to characterize
different particle interactions given their distinct event signatures. To achieve this, several
computational algorithms are deployed in order to process the raw data and extract useful
information in the form of reduced quantities (RQs). In the case of LZ, this tool is particularly
important since it is a rare event experiment, where the distinguishability between events of
interest and the dominant background has a direct impact on its scientific performance.

As of July 2022, LZ is the most sensitive dark matter experiment looking for WIMP dark matter.
Besides that, it is also sensitive to a wide range of physical processes at several energy ranges,
such as the double electron capture on 24X e or the neutrinoless double beta decay of 136 xe.
The data acquisition (DAQ) system records the response of each individual PMT channel present
either in the TPC, Skin or OD within a time window typically on the range of 5 ms, provided
that the PMT readout exceeds a certain voltage threshold. To allow a wide range of energy
events to be studied, the PMT signals for the TPC and OD are recorded in two separate gain
stages: high-gain (HG) and low-gain (LG) for low and high energy ranges, respectively, being
separated by an order of magnitude. The timeline is defined as the raw data, which is the input
of the analysis framework. Together with the raw data, additional information, such as the field
strength, PMT gains, light collection maps, just to name a few, is stored and accessed by the
analysis framework to further complement the state of the detector during the data acquisition.
The amount of information gathered by LZ is enormous (on the order of Petabytes per year),
so the analysis framework needs as much speed as efficiency, since it has to be able to return
usable information in a reasonable time scale.

47
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This chapter is divided in three sections, where in section 4.1 it will be discussed the analysis
framework of LZ (named LZ analysis programme or LZap), in more detail, followed by the tools
used to generate mock data on the form of S2 like waveforms (section 4.2) and the algorithm
developed during this work to analyse such waveforms (section 4.3), which is the work presented
in this thesis.

4.1 LZap Framework

LZap is built using the GAUDI framework, which was developed by the LHCb Collaboration
to facilitate the development of data processing applications for high energy physics [A+21d].
It follows an architecture-centric approach to construct a resilient software framework able to
withstand long lasting experiments, where the requirements and technology changes are expected
to occur. This approach uses algorithm objects (modules) that can be initiated and run in a
set sequence, known as processing chain, over data objects. These modules, as intended, can be
updated or created by collaborators to keep LZap always updated.

The LZap structure is segmented by detector and gain, meaning that 5 substructures arise:
TPC high gain (TPC-HG), TPC low gain (TPC-LG), Skin, OD high gain (OD-HG) and OD
low gain (OD-LG), where the RQs for each of the physical detectors are contained. The TPC-
HG and TPC-LG structures are also afterwards merged into a "mixed” gain structure, where
the saturation of the high gain data is taken into account by selecting the corresponding low gain
data, together with pulse shaping corrections to adjust for the two different electronic samplings.

The readout of the PMTs is not continuous, in fact, for each triggered event, the waveforms
have a digitization rate of 100 million samples per second (10 ns sample size). The data is only
recorded for each individual PMT readout that meets a certain voltage response threshold |,
called pulse-only digitization (POD). The sum of all triggered PODs according to the correct
acquisition time gives the raw waveform of the event. Multiple structures (pulses) can be found in
a POD, which may indicate distinct physical processes within the same event. These structures
can be distinguishable and their boundaries identified by LZap.

4.1.1 Photon Detection Processing Chain

The Photon Detection processing chain is responsible for the pulse-level processing. The modules
within this chain identify, parameterize and classify the individual pulses generated by the
detector. This processing chain starts with the PodCalibrator module, which converts the
raw waveforms from ADC counts to photons detected (phd) units. This modules returns a
CalibratedEvent data object, on which the single photon electron gain is scaled to 1 phd for all
detectors.

After, the PodSummer returns the sum of all the PODs into a single waveform and the start
and end times of the each individual pulse are identified by the DoGPulseFinder. The pulse pa-
rameters (RQs) are calculated by the ChannelPulseParametrizer and PulseParametrizer which
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feed the PulseClassifierHADES to classify the event into six possible classifications: Primary
Scintillation (S1); Electroluminescence (S2); Single Electron (SE); Multiple Photon Electron
(MPE); an Undetermined (Other). For the OD events a similar data processing structure also
exists.

4.1.2 Interaction Detection Processing Chain

The Interaction Detection processing chain is responsible for the event level processing. Using
the information collected by the Photon Detection processing chain, it characterizes the event
by pairing the S1 and S2 pulses to reconstruct its vertices and classifying each event into Single
Scatter (SS), Multiple Scatter (MS), Pileup event (pileup), Krypton event (Kr) or ”other” if
the event does not fit in the criteria of any other category. This is done by the Interaction
Finder module. Using RQs from two modules of the TPC-HG and TPC-LG detectors, the
xy position reconstruction of an interaction is done by the S2PositionReconstructionMercury
module, resorting to the light pattern created by an S2 type signal and using the light response
functions (LRFs) of the PMTs in the top array.

Several other modules applied to each event in this chain. These include the XYZPositionCor-
rector and PulseAreaCorrector to execute corrections, the VetolnteractionFinder to find coin-
cidences between the Skin and the TPC for veto possible events which may lead to increased
background and the EnergyReconstructor which reconstruct the event energy.

4.2 S2 Pulse Generator

To generate mock data for testing the algorithm developed during this work, a simple S2 pulse
generator (S2Generator) was used, taking the detector condition from Science Run 1 (SR1) of LZ
as a reference. The sample time is set at 10 ns, which corresponds to the 100 MHz acquisition
rate of LZ. The Single Electron (SE) size, which is the median number of photons detected
for each electron extracted into the gas phase and its respective uncertainty due to statistical
fluctuations. The drift velocity of the electrons given by the electrical field of 193 V/cm in the
LXe [A"22b] and the parameterization of the FWHM of S2 pulses over the drift time, using data
from the decay of X et3tm (see Figure 4.1). This decay was used because it is characterized by
a mono-energetic SS events of low energy (164 keV), which produces non-saturated waveforms
and a low probability of photoionization of impurities and of the grids. From this decay it is
also possible to determine the diffusion coefficients using the Equation 3.10. As Equation 3.10
shows, the time at which the electrons are extracted is not the same, following in fact a normal
distribution, with the mean of photon times corresponding to the mean of the peak and its
standard deviation is dependent on diffusion coefficient and the drift time [Sorl1].

The waveform generation itself can be dived into two parts: a Gaussian component resulting of
the diffusion effect on the electron cloud, and the characteristic tail that is prevalent in pulses
from high energy events. Figure 4.2a shows the effect of the tail in a SS pulse. The tail shape
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Figure 4.1: 2D histogram of the distribution of the FWHM of LZap SS S2 pulses over the entire LZ
drift time of SS events from the Xe'*'™ decay with 164 keV, where the red squares represent the means
of the pulse width distribution of the slices of drift time. The black curve is the fit to the means according
to Equation 3.10. This population is considered to have well behaved S2 pulses due to its low energy
where some effects such as charge trapping or light ionization are not as prevalent.

is given by a Gamma distribution, which is an approximation of the exponential distribution of
the delayed emission of SEs (detailed explanation below) taking also into account the normal
distribution of the S2 electron cloud [SK18]. For the Gaussian component, the S2Generator first
calculates the number of expected electrons based on the desired S2 area, taking into account
the average SE size in number of photon detected (phd), being a fraction of photons produced
which are dependent on the extraction field as seen in Figure 4.3. The waveform of each SE
is computed as a semi-uniform distribution of photon times, with characteristic length dictated
by known values of extraction field and width of the gas gap [M+17 ]. Secondly, the generator
samples the SE extraction times and combines the photon detection times. These extraction
times follow a normal distribution dictated by the shape of the electron cloud, as explained
previously. The average number of photons detected per electron extracted (SE size) of the
S2Generator is set at 52.8 £+ 10.8 photons detected (fitted to experimental data from SR1) and
these photons also have different arrival times within a time window defined by the extraction
field strength [M"17]. All photons are summed with their respective detection times to generate
the Gaussian distribution of the S2 signal.

Each waveform generated is composed of two S2s that are merged to produce the final waveform.
The separation in time between these two S2 pulses is a key parameter that will be used to study
and develop the algorithm presented in section 4.3. A null separation represents the case of an
SS interaction. The two S2 pulses can have different areas, an the area asymmetry is defined as
the difference between the two pulse areas divided by the total area of the waveform (see Figure
4.2b), which was implemented to prevent the creation of a bias on the SS/MS discrimination
algorithm.
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Figure 4.2: Examples of two pulses generated using the S2Generator. On both pulses the tail can be
observed by the small elevation over the baseline after the main pulse. The SS S2 signal was generated
by the sum of two pulses with zero separation. The MS pulse shows an example of asymmetry on the
pulse areas.

The S2 tail is an effect that is more prevalent in high energy events, but its presence is inherent to
all events energies. The difference stands on the fact that for high energies, the emitted photons
form a continuous distribution which cannot be separated from the S2 pulse, while for low energy
events the rate of photon emission is much lower and therefore a discrete distribution of SEs
occurs that can be more easily discriminated in relation to the main S2 pulse. This phenomenon
is caused by three effects: delayed emission of trapped SEs, ionization of impurities in LXe
and photoionization of the grids. The delayed emission is caused by the trapping of electrons
on liquid-gas inter-phase. By the thermo-electron emission model, only the electrons with an
orthogonal (to the liquid-gas inter-phase) projection of the linear momentum higher than the
electrical threshold can be emitted. The emission time is given by an exponential decay law
with characteristic times from ps up to ms [Bol99]. The ionization of impurities occurs when
photons from the main S2 signal extract additional electrons that will drift and reach the gas
phase and cause further VUV photon emission. As the impurities are evenly distributed in the
LXe, the arrival times to the xenon liquid-gas inter-phase will have a maximum time window
corresponding to the entire length of the TPC (approximately 950 us). The photoionization
of the grids occurs when photons from the main S2 pulse produce photoelectric effect in the
metallic grids. This phenomenon is characterized by a pulse like structure at the end of the S2
signal for the photo ionization in the gate grid [B+21], being more noticeable for pulses near the
top of the grid. This effect also happens for the cathode, but since the electrons are delayed by
the drift time of the TPC [BT21], it is not relevant for this study.

Only the first two effects were considered in the S2Generator used in this work, and represent
up to 5% of the total area of the progenitor S2 pulse. This value overestimates this effect in
relation to the tails observed in SR1 data. The low tail contribution for the total pulse area in
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SR1 S2 signals is indicative of the high electrical field and high levels of xenon purity [A+22b].
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Figure 4.3: Dependency of the photon yield (S2 gain) and the mean of the pulse width (S2 width)
ignoring the longitudinal diffusion on the voltage between the anode and the gate. The red circles
correspond to the expected levels of S2 photon yield and mean width for the expected field that was
projected for LZ in [MT17] from which this plot was taken from. For SR1 the AV are not the same, as
well the models which have some deviations from the model shown in the figure.

4.3 SS/MS Discrimination Algorithm

The sensitivity for the half life time of the neutrinoless double beta decay in 16 xe is highly
dependent on the ability to vertically separate S2 pulses [A+20b], and has a maximum at 1.5
mm of separation as seen in Figure 4.4. The sensitivity study for the LZ experiment assumes
this to be 3 mm, but LZap in its current version only reaches 3.7 mm for small S2 asymmetries.
In order to maximize the sensitivity of the experiment a new tool must be developed. The
objective of the algorithm developed for this thesis is the reduction of the minimum separation
to which two S2 pulses can be discriminated. It was developed using Pythond and it does a
regression for two different models to S2 pulses, which are compared to discriminate between
single and multiple scatter. The function used was curve_fit from the Scipy.optimize library,
which uses a non linear squares (NLS) regression model [com].

=,

Every model has three main constituents: the observable (y), the signal model (f(Z; 5)) and the
random fluctuations (e€). The general form of a model can therefore be represented by

-,

y=[f(Z;B) +e (4.1)

The observable is the data to which it is intended to fit the signal model that contains the data
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variables (Z) and the parameters (/3) to be fitted that can be arranged between them to form
the model for the regression. In this work three models will be in use:

f1(ta;posp1) = V/P1 - ta+ Do (4.2)

- . (z—a)
folz;z,00A) = A - exp e (4.3)

_\2 _\2
falz; @y, 9,0, Ay, Ay) = Ay ~exp{—(m_a§1)} + A, - exp{—(x_?)} (4.4)
20 20

The first one is only used to calibrate the algorithm and the last two are used to perform the
regression over the waveforms. On all models there is only one predictable variable denominated
as x. The usage of these three models in specific have different justifications, as in the case of
the model given by Equation 4.2 it follows the expression for the electron cloud diffusion over
the drift time (Equation 3.10) and the models given by Equation 4.3 and 4.4 are the related
to the normal distribution of the S2 light [Sorll]. The NLS regression is an extension on the
Linear Squares (LS) regression, but is conceptually the same, in which the parameters are the
numerical values that minimize the sum of the squared deviations between the response variables
and the mathematical function of the model. Mathematically, this can be expressed by [Lu21]

N
Qmin = min{Z[yz‘ - [ ﬁ)]Z} (4.5)

=1
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where N is the total number of data points of the pulse.

The NLS regression has several advantages such as: the wide range of functions that can be
fitted; the good estimates of the unknown parameters (even for relatively small datasets); and
because it is a well known and developed method, it can provide with good confidence intervals
predictions on the regression parameters according to the data and therefore be used for precise
analysis and calibrations. However, when moving from linear to non linear processes, the use
of iterative optimization processes to compute the parameters estimations becomes necessary.
This means that the algorithm needs initial values for its parameters before beginning the
optimization, with the additional constraint that they need to be reasonably close to the correct
values for the parameters fits, since the optimization may diverge completely or converge for a
local minimum. Being related with the LS regression, it shares some of its disadvantages, such
as sensitivity to outliers that may affect the final values of the parameters. This is accentuated
in the non linear case where fewer model validation tools exist for the detection of outliers [NIS].

On Figure 4.5 a graphical representation of the algorithm that is now going to be discussed
in detail is shown. The waveforms and their known parameters (for real LZ data these are
drift time and area of the pulse and for generated data are also included real separation and
asymmetry) are in two different files, so the first step is to load both files into memory. After the
loading process is completed, a cycle is done over all waveforms as the following steps have to be
executed taking into account each individual waveform. The first step is setting limits to which
data points of the waveform will be used to perform the regressions to the two different signal
models described by Equations 4.3 and 4.4, which from now on will be respectively referred as
Gaussian and Bimodal fit. This is done by establishing an amplitude threshold which is defined
as 1/30 of the waveform maximum. The value was chosen in order to include the maximum data
points to ensure that the regression has enough statistical data and at the same time that it is
above the tail baseline (see Figure 4.2 from section 4.2), as it does not contribute for the overall
shape of the pulse. This value can be adjusted according to the S2 tail baseline of the dataset
to be analysed. A fortunate and intentional consequence of this step is the optimization of the
regression run time, as the number of degrees of freedom is vastly reduced.

The next step is setting the initialization values of the parameters for the Gaussian fit, as the
NLS regression imposes it since it uses iterative procedures, with the additional condition that
they are good estimations of the real values. Otherwise, the regression may diverge completely
or converge to a local minimum different from the true global one [NIS]. For this model, the
initial values are set at the mean point of the limits set by the amplitude threshold discussed
before, the mean between the highest and lowest widths of SS pulses (which can differ for
different ranges of drift time) as observed in the data being analysed (sigma) and the maximum
amplitude of the waveform (amplitude). To ensure that there are no divergences, parameters
boundaries were also implemented. For the mean and width, these are the limits from which
the initialization parameters values were obtained and for the amplitude boundaries these are
set at 50 and 110% of the maximum amplitude of the waveform. The boundaries for this model
regression are made for maximum fit freedom without obtaining nonsensical parameters values.
Finally the Gaussian fit is done and the three parameters obtained are stored.
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Figure 4.5: Flow chart of the Discrimination Algorithm. The green hexagons represent the preparation
steps before the fits, the red rectangles represent the execution of a computational process and the blue
boxes are the data stored for the analysis.

For the Bimodal Fit the procedure is similar, with the difference standing on the more stringent
boundaries to the model parameters. This model has only two additional parameters, the mean
and amplitude of a second Gaussian distribution, as the sigma was set to be exactly the same
for both pulses. This choice falls on the reasoning that if two pulses are merged, the width
variance arising from the two different pulse drift times, can be approximated to be zero. The
initialization value for the two means are chosen to be at 45% and 55% of the limits set by the
amplitude threshold, instead of being both on the median point (as the mean for the Gaussian
fit) to avoid a bias towards pulse reconstructions for zero separation. The opposite argument is
made for the initialization values near the extremes. Several different combinations were tested
and the values chosen were considered to be as unbiased as possible. The boundaries remain
the same as for the Gaussian fit. The width initialization value over the drift time is given
by a parameterization and the boundaries are a very reduced offset either for higher or lower
values from that same starting point. To conclude the setup, the amplitude initialization values
and boundaries are set at 15%, 110% and 50% of the maximum amplitude of the waveform,
respectively. The 15% lower boundary for the amplitude is chosen to be the minimum amplitude
from which a pulse can be reconstructed with high level of confidence. Smaller structures could
be reconstructed but their physical meaning would not be significant, as it would be within the
range of statistical uncertainty. Finally, the Bimodal fit is calculated and the five parameters
are stored.

With both regressions done, the final step is to calculate the goodness of the fit for both models,
for which were considered the same data points used for the regressions. This ensures that the
tail baselines do not inflate the X2-






Chapter 5

Performance of the Discrimination
Algorithm

The objective of this work was to build a tool to discriminate Single Scatter (SS) and Multiple
Scatter (MS) pulses to increase the sensitivity of the LZ experiment, with the focus on the Ovgg
decay of 136 X'e. This chapter will focus on the performance of the algorithm described in the
previous chapter.

The vertical separation (Az), which is defined as a time difference, can be expressed as a distance
by multiplying the pulses time difference with the constant drift velocity. Even though LZap
has the ability to distinguish close S2 pulses, it is limited by design in distinguish merged
S2 pulses, because the DoGPulseFinder module is not tuned to do so. Since there is no
trivial way of splitting the waveform such that the individual S2 areas are conserved and well
reconstructed, this reconstruction must be performed in post-processing (this work). Because of
this, a significant fraction of MS pulses will be wrongfully identified as SS by LZap, especially
pulses with large area asymmetry. For the present framework of LZ were determined minimum
separations for which it could separate (minimal vertical vertex separation) efficiently, assuming
different scenarios. This sets the bar for this work at 3.7 mm for pulses with maximum area
asymmetry of 0.33 (corresponding to the smaller pulse being 50% of the largest) and 4.4 mm
for all pulse asymmetries, within the high energy region which includes the 136 xe OvpBp decay.

As was explained in Section 3.3 the width of S2 pulses is drift time dependent and given as
an approximation by Equation 3.10. A useful metric used to describe the pulse width is to
define it as the full width at half maximum (FWHM). The reason to define it this way, and not
between the pulse start and end times, is due to possible artifacts present either at the beginning
or at the end of the pulse that would lead to nonsensical pulse widths. This is a reasonable
approximation, since the ditched tails do not contribute considerably for the overall Gaussian

o7
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shape of the pulse.
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Figure 5.1: 2D histogram of the distribution of the FWHM of LZap SS S2 pulses over the entire LZ
drift time of SS events from the Xe'*'™ decay with 164 keV. This population is considered to have well
behaved S2 pulses due to its low energy where some effects such as charge trapping or light ionization
are not as prevalent.

This Chapter is subdivided in three main sections where first the tools to analyse the performance
of the algorithm are discussed and then the last two are directed to the presentation of the
analysis results for the mock and the LZ experimental data.

5.1 Analysis of Generated Data

Before this tool can be used, it is necessary calibrate the algorithm. This step is done by
parameterizing the pulse width over the drift time, since the algorithm needs to have a small
band of widths on which it has freedom to execute the fits, as this minimizes the convergence
of the regression to local minimums which is not a desirable effect. This calibration follows
Equation 3.10, taking the form of Equation 4.2:

Width = v/ Po +p1 X td (51)

where p, and p; represent US and 2Dr/v; respectively, and t; the drift time. It is also possible
to describe this dependence in units of length but some changes in the longitudinal diffusion
equation (Equation 3.10) need to be made using the relation given by Equation 3.9. In the next
sections, a deeper look is taken for the parameterization due to the inherent differences between
generated and real data.

Before taking a close look to the analysis, it is important to consider some aspects of the
generated data. As it was discussed in section 4.3, the S2Generator creates S2 pulses similar
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to those present in real LZ data, but in reality some second order effects that occur in the light
detection processes are not considered in this generator. This will result in more favourable
results than it would have been expected for real data. Nevertheless, this data is a valid proxy
to real data and was a crucial tool to develop and understand the behavior of the algorithm.
The interval of drift time used for this analysis includes depths up to 3 meters (~2000 ps) that
are not present in the LZ experiment. Even though this work has as its main focus the previous
mentioned experiment, it is also involved with the XLZD Consortium which has the objective
to develop and construct a larger third generation (G3) LXe detector, where the tools presented
here may be utilised (see section 3.7).

The first step of the analysis of the generated data is to perform a pulse width calibration as
a function of drift time. This is done to establish the range of widths to which the Bimodal
fit deviation parameter o will be restricted to (see Equation 3.10). In order to achieve this
parameterization, “slices” of drift time from a dataset of pulses with a separation of zero (SS
pulses) are chosen. Then a Gaussian fit is done to retrieve the mean width as seen in the inset
of Figure 5.2, which is used as the median width for that specific drift time middle point. This
is done for several slices of drift time, especially for events near the top of the detector, as here
the variation of the width over the drift time is greater for larger drift times [Sorll]. These
Gaussian means are then fitted to a square root model given by Equation 4.2, following the
Diffusion equation (Equation 3.10) behavior. The parameterization done for the generated data
can be seen in Figure 5.2.
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Figure 5.2: Parameterization of the median pulse width as a function of drift time. The fitted parameters
correspond to pg = 1206.71 +2.35 x 10° ns? and p1 = 1.493740.0032 ns. The smaller plot is a histogram
of the calculated widths from the a slice of drift time with the middle point at 1000 us for SS S2 generated
pulses. The orange line is the Gaussian fit obtained from the histogram bin counts.
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5.1.1 Measurement of the SS Threshold for Generated S2 Data

Following [K+22] was used a methodology which involves the determination of a threshold by
the calculation of a percentile of reconstructed separations from a true SS population. The
percentiles used were 90%, 95% and 98%, meaning that 10%, 5% and 2% of the SS signal would
be considered MS, respectively. There is a trade-off between higher loss in SS signal i.e. the
probability to which a SS pulse is misrepresented as a MS with the higher range of possible
separations where MS pulses can be probed. After the determination of a threshold, which is
drift time dependent, it is possible to characterize a leakage that is defined as the percentage of
reconstructed MS separations which fall below the threshold, providing therefore a quantitative
value for the efficiency of the algorithm at separating MS pulses.

With the S2 width parameterization implemented into the algorithm, and using the generated SS
(separation of zero) the threshold was determined. Part of the pulses of this population will not
have the separation reconstructed at zero as the regression will find strategies to minimize the fit,
due to the fact that some of the pulses will be wider (because of statistical fluctuations) than the
parameterized width. This leads the algorithm to a local minimum where it will try to separate
the two pulses of the Bimodal fit. The reconstructed separations have a typical distribution as
seen in Figure 5.3 and from here a threshold, defined as a percentile of separations within a slice
of drift time, can be determined.

103 4
Drift Time Interval = [1030,1185] ps

0.0 0.2 0.4 0.6 0.8
Calculated Separation [mm]

Figure 5.3: Histogram of the distribution of the reconstructed separations of generated SS S2s for the
slice of drift time between 1030 and 1185 us.

Similarly to the width of the pulses, this threshold also has a dependency with the drift time
as shown in Figure 5.4 where it is overlaid with the distribution of reconstructed separations as
a function of drift time. For the drift time dependence study of the threshold were considered
several stacked intervals of drift time instead of the thinner slices used for the width parame-
terization. On the already mentioned Figure 5.3, one example of the bins used to determine the
threshold is shown.

From this point the leakage events can be described, being defined as the percentage of pulses of a
certain separation that have their reconstructed separations below one of thresholds considered,
according to the SS signal loss that is considered acceptable. For a separation of 2 mm no
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Figure 5.4: 2D Histogram of the density of reconstructed separations as a function of the drift time.
The dashed lines represent three different thresholds considered corresponding to the fraction of SS S2
pulses bellow each line. The threshold increases with the drift time except for events with very low drift
time. This behavior is explained by the deviation from a Gaussian distribution in this region to a square
waveform.

leakage was found, meaning that the algorithm was able to reconstruct all the tested pulses
above the threshold. Once more, the simplistic nature of the S2Generator influenced this result.
For higher drift times the spread of reconstructed separations increases (see Figure 5.5) as is
expected due to higher pulse width for that region [Sorll], which facilitates the existence of
local minima to which the regression model can tend to. The choice of 2 mm stands on the fact
that this is the minimum separation to which it is required to separate S2 pulses to increase
the sensibility of Ov33 in **°
background rejection would efficiency and loss of signal is disadvantageous for the sensitivity for
the OvB3 decay (see Figure 4.4).

Xe. If smaller separations are considered, the trade off between

The simplicity of the generated pulses has a great influence in the determination of the threshold,
as the lack of some effects considered originates the almost perfect Gaussian curves of the pulses.
This will facilitate the reconstruction of the separations and therefore lower the value obtained
for the threshold. Other contributory factor for the reduction of the calculated threshold is
the population which was considered as SS. The fact that only zero separation pulses were
considered may have created a bias towards lower values, since for some non null separations
near zero the efficient separation reconstruction will not be possible. This subsequently will
increase the threshold as there is no reliable method to distinguish these pulses from true zero
separation ones. This region should be at separations lower than one standard deviation (1o)
where the summed pulse, even though it may be wider, falls within the statistical fluctuations
region for the widths of SS pulses.
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Figure 5.5: 2D Histogram of the density of reconstructed separations over the drift time for a MS
population of pulses with 2 mm of separation. The leakage for every drift time bin is zero, meaning that
no pulse was reconstructed to a separation below the thresholds.

5.1.2 Goodness of Fit Analysis as a SS/MS discriminant

The X2 test is used in statistics as a hypothesis test to examine if one categorical variable
is significantly different from an expected behavior (in our case, the Gaussian shape of the SS
pulses). This test examines the difference between the waveform and the fits using the expression

(5.2)

=1

where the sum is done over all data and fit points. It was observed that y& (from the Gaussian fit)
diverged much faster than X2B (from the Bimodal) as the separation between pulses is increased
which presented potential to be a good SS/MS pulse discrimination tool.

The use of a threshold can only go so far to discriminate SS and MS pulses, so an additional
technique is used to identify the possible nature of the pulses. This is done by studying the X2
goodness of fit test for both Gaussian and Bimodal fits (represented as XQG and X2B respectively),
by either comparing the two directly or by relating their ratio (defined as XZB/X%;) to the recon-
structed separation. The zero separation pulses (or SS pulses) are recognizable by the similar
magnitudes of both X2 resulting in a X2 Ratio near unity as is shown in Figure 5.6. Theoretically
the ratio of X2 for zero separation pulses should be equal to one, but due to the conditions set
for the fit boundaries, this might not be always the case. This happens because of the restricted
nature of the width boundaries for the pulses in the Bimodal fit, that contrast with the relaxed
boundaries set for the Gaussian fit. The pulse width could be smaller than the parameterized
width for the Bimodal pulses, meaning that the Bimodal fit is comparatively worse. In these
cases the Bimodal fit still converges to a separation of zero, as this minimizes the fit. The
outcome of this difference results on a X2 ratio which may have deviated values from the unit as
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seen in Figure 5.6, where the vertical distribution at zero reconstructed separation has a wide
range of X2 ratio values. On the other hand, the fact that the Bimodal fit has the freedom to
position the pulse means, for wider pulses, it can minimize the fit to a further extend compared
with Gaussian fit. The result of this is the separation of the two means by a small amount.
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Figure 5.6: Scatter plot of the X2 ratio versus the bimodal Reconstructed Separation for SS events,
where the color spectrum represents the drift time labeled by the color bar on the right side.

A dual behavior can be observed in Figure 5.6 for high drift time (yellow dots), where a bifur-
cation is identifiable resulting from the minimization effort of the algorithm, but now a subtle
distinction arises. In both cases the width of the pulse is larger than the parametrization (other-
wise the reconstructed separation would have been zero). The distinction stands of the fact that
in some cases the separation maximization minimizes the XQB to a great extend (lower bifurca-
tion) while on others it brings no benefit compared with the minimization done by the Gaussian
fit (upper bifurcation), suggesting that exists an instability point around the unit for the ratio
of X2~ In these scenarios the X%; remains stable.

For low drift times, the scenario when the parameterized widths are lower than the distribution
of the pulse widths happens, being identifiable in Figure 5.6 by the concentration of very low
drift times (dark blue) centered around a value of reconstructed separation and lower X2 ratio
value. In this region of drift time the width of the S2 pulse begins to reach the width of the
light signal of a SE (which has a fixed value given by the model in Figure 4.3) resulting in a
departure from a Gaussian curve to a more square waveform. Therefore, both fits will have a
worse minimization, but favouring the bimodal fit due to its flexibility in rearranging the pulse
positions. It was found that the Bimodal fit minimizes the regression by leaning the Bimodal
distributions on either side of the S2 pulse. The ratio between the parameterized and real widths
gives the value to which the reconstructed separations are centered on.

The wide range of X2 ratios for pulses with the reconstructed separation equal to zero is explained
by the fact that they are almost exclusively placed below the parameterization curve, meaning
that the X%} is smaller than the Bimodal counter part, except for some cases where the bimodal
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fit converges to a null separation despite having the liberty to separate the individual pulses.
These cases lay near the parameterization curve, where the local minimum for the non zero

reconstruction still presents some instability.

For non null separations (MS pulses), the Xé starts to diverge as the waveforms no longer follow
a Gaussian distribution. However, the X2B remains relatively constant. The ratio between the
two will therefore tend to zero as the separation of the pulses increases. The rate to which the
Xé diverges varies with the drift time because of the different pulse timing resolutions. So, for
different drift times and a fixed separation the X2 ratio will vary as observed in Figure 5.7 for a
set of generated pulses with 2 mm of true separation.
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Figure 5.7: Scatter plot of the X2 ratio as a function of the reconstructed separation for a set of generated
pulses with 2 mm of separation, color representing the drift time of the pulse (left) and the 2D Histogram
of the same distribution which shows that the reconstruction is centered on the true separation of the
pulses (right).

For high drift times, the bifurcation is still visible as 2 mm corresponds to 0.740 of the pulse
width at 2000 ps of drift time, which means that the waveform still closely resembles a Gaussian
distribution. For low drift times the X2 ratio value is close to zero and increases with the depth of
the events. Even though the X2 ratio for 2 mm takes values that may be thought or interpreted
as SS pulses, the reconstructed separation axis show that the separations obtained are above
the thresholds calculated previously. This means that it is possible to define a region within the
two dimensional phase-space, of reconstructed separation and X2 ratio where SS pulses may be
identified with high accuracy. If bigger separations are used, the X2 ratio for higher drift times
will tend to decrease and will lead to a smaller spread of reconstructed separations.

5.1.3 Homogeneous Separation

The analysis presented in the previous section can also be performed wit a dataset with pulses
with a uniform distribution of separations and drift times. Figure 5.8 shows how the recon-
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structed separations compare with the true separations set in the S2Generator. As previously
discussed, the dispersion of the reconstructed separations is dependent on the relation between
the separation of both S2 pulses and their width. This effect is noticeable in Figure 5.8, where
the biggest spread of reconstructed and true separations occurs for higher drift times.
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Figure 5.8: Scatter plot of the reconstructed separations versus the separations set in the S2Generator,
where the color spectrum represents the drift time of the pulses.

As expected, for higher depths and separations close to zero the result is a larger spread of recon-
structed separations. This occurs due to the wider nature of the pulses at higher drift times and
to the inefficient reconstruction for separations near zero. The spread seen in Figure 5.8 is the
result of the two effects. Nevertheless, the algorithm is able to reconstruct the separations effi-
ciently, as the majority of the pulses match the separation set in the S2Generator. From Figure
5.8 is also noticeable the region of true separations where the algorithm no longer reconstructs
pulse separations equal to zero, which are lower than the threshold for each correspondent drift
time.

One phenomenon made clear in this da