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Abstract

Introduction Neutrino physics is one of today’s most promising fields in particle
physics. The discovery of neutrino oscillations is an evidence of their mass not be-
ing null. However, the Standard Model of elementary particles (SM) does not contain a
mechanism that generates them, so we have to search beyond the SM to find answers.
Other unknowns remain open, such as the amount of CP symmetry violated in the lep-
ton sector that could help explain the differences between matter and antimatter that
formed the present universe. Nor is it understood why these particles are so light, more
than six orders of magnitude below the next fermion, the electron. A possible explana-

tion is the existence of heavier neutrino mass states usually referred as heavy neutral
leptons (HNLs).

One of the most advanced technologies for detecting neutrino interactions is the liquid
argon time projection chamber (LArTPC). LArTPC detectors form a 3D image of the
ionized electrons in the interaction, producing a detailed description of each neutrino
event. Argon is also a prolific scintillator (40k photons/MeV) with light signals indicat-
ing the interaction time. The Short-Baseline Near Detector (SBND), a 112-active mass
LArTPC at Fermilab, will measure millions of neutrino interactions from the Booster
Neutrino Beam (BNB). As the near (L=110 m) detector of the Short-Baseline neutrino
program, SBND will search for a fourth light neutrino (~ e¢V) in the coming years. This
hypothesis could explain the anomalous data observed in the LSND and MiniBooNE

experiments.

Objectives The thesis has two objectives. First, the study of the generation and detec-
tion of argon scintillation light with X-ARAPUCA sensors at SBND. This new technol-
ogy that traps the incoming photons in a highly reflective box with silicon photomulti-
pliers, composes the far detector light system of the DUNE experiment. SBND has 192
X-ARAPUCA sensors with hardware configurations that have not been tested before.
The second is to perform a sensitivity study for HNLs produced in kaon two-body decays

in the BNB and decaying to an electron-positron pair and a neutrino inside SBND in

vi



the low mass range < 150 MeV. The first exclusion limits of SBND to HNLs decaying

into this channel are estimated.

Methodology A dedicated cryogenic setup was developed at CIEMAT to characterize
the response of X-ARAPUCA sensors to argon scintillation light (produced with a 2! Am
source) and visible light (produced with a 420 nm laser). Two SBND X-ARAPUCAs
were tested in liquid argon using four Hamamatsu VUV4 SiPMs of known photon de-
tection efficiency (PDE) as reference sensors. From the measured data the PDE of both
X-ARAPUCASs to visible and vacuum ultraviolet (VUV) light as well as their linear

behavior and the correlated crosstalk noise are determined.

To estimate the performance of the X-ARAPUCA system at SBND, MC simulations in
LArSoft using Geant4 have been carried out including the measured values of PDE and
crosstalk at CIEMAT. Also, the simulated response of the X-ARAPUCAs was updated
with a more realistic bipolar signal, which includes the readout electronics effects. The
simulated data sample included neutrinos from the BNB and the muon background
from cosmic rays that affect SBND as it is a near-surface detector. Dedicated signal

processing, pulse reconstruction and clustering algorithms were developed for the specific
signatures of the X-ARAPUCAs.

The studied HNL decay signal N — eTe~v consists of two showers or electromagnetic
cascades with a common vertex. To perform a selection, signal data samples (HNLs) in
the mass range of 10 to 150 MeV and background (BNB neutrinos and cosmic muons)
were simulated. The signal simulation required incorporating the full BNB flux within
the BSM physics generator developed by ICARUS and SBND, MeVPrtl. The effects
of anisotropies in the HNL decay were also included. To perform the selection, a full
detector response was simulated and the reconstructed variables of the different SBND
systems were used. To separate the signals from the background, a dedicated boosted
decision tree was trained. Finally, the arrival time at the SBND upstream wall was used
as a variable to separate the SM neutrinos from the HNLs, which propagate slower due

to their heavier mass.

Results The X-ARAPUCA with Hamamatsu S13360-6050-VE SiPMs and Glass to
Power Blue wavelength-shifter bar showed PDE values to the VUV light between 1.99%
and 2.29% for over-voltages in the de 2-3 V range. Onsemi MICROFC-30050-SMT and
Eljen EJ-286 wavelength-shifter bar X-ARAPUCA’s values were between 1.27%-2.20%
for over-voltages of 3.25 V and 5.75 V. The efficiency to visible (420 nm) light was
extrapolated to the angle of incidence expected at SBND with values in the 0.3%-0.45%
range for both X-ARAPUCAs.



From the light signals study, the performance in reconstruction efficiency, energy res-
olution and spatial reconstruction was found to be comparable with the PMT system.
Selecting events with < 200 MeV of deposited energy an overall time resolution of
3.05 4 0.04 ns was achieved, enough to resolve the BNB bunch structure. This allows to

perform BSM searches between SM neutrino bunches (background-free regions).

The HNL selection performed obtained a selection efficiency of 12.5% suppressing the
SM event background by a factor of more than 103. Assuming that no HNL signal was
observed, the obtained SBND exclusion limits on the muon coupling |U,4|? are in the
[3.30 x 1073-4.32 x 10~ 7] range for HNLs of masses between 10-150 MeV.

Conclusions The results obtained in this thesis are the first characterization of the
X-ARAPUCA light system installed at SBND. Measurements of the photon detection
efficiency to the VUV and visible light have been performed, and the results have been
implemented in the detector simulation. A complete scintillation light reconstruction
of the SBND X-ARAPUCA signals has been developed. Their expected performance
using simulated neutrino beam events and cosmic rays has been determined. Both the
software tool developed to process and analyze the laboratory data of the X-ARAPUCA,
and the signal processing of the SBND waveforms have been transferred to DUNE. A
first end-to-end sensitivity study of HNLs in SBND in the mass range < 150 MeV using
a full detector simulation is presented. From a fit to the arrival time of HNL candidates
with nanosecond resolution, a world leading sensitivity after three years of data was

found in the 30-150 MeV mass range.



Resumen

Introduccion La fisica de neutrinos es uno de los campos de investigacién més pro-
metedores de la actualidad. El descubrimiento de las oscilaciones de neutrinos es una
evidenc ia de su masa. Sin embargo, el Modelo Estandar de particulas elementales (SM)
no contiene ningin mecanismo que las genere y por tanto hemos de buscar fuera de
él para encontrar respuestas. Otras cuestiones siguen abiertas, como la cantidad de si-
metria CP violada en el sector leptéonico que podria ayudar a explicar las diferencias
entre materia y antimateria que formaron el universo actual. Tampoco se entiende por
qué estas particulas son tan ligeras, mas de seis ordenes de magnitud por debajo del si-
guiente fermion, el electrén. Una posible explicacion es la existencia de estados de masa

de neutrinos més pesados (HNLs).

Una de las tecnologias mas avanzadas en la deteccion de las interacciones de neutrinos
son las cdmaras de proyeccién temporal de argén liquido (LArTPCs). En ellas, la imagen
3D de los electrones ionizados en la interaccién permite reconstruir con gran precision
los detalles de cada evento. El argén también emite luz de centelleo (40k fotones/MeV)
que permiten determinar el instante de la interacciéon. El Short-Baseline Near Detector
(SBND), una LArTPC de 112 toneladas de volumen activo en Fermilab (USA), medird
con gran estadistica el flujo de neutrinos producidos por el Booster Neutrino Beam
(BNB). Como detector cercano del Short-Baseline neutrino program (L=110 m), SBND
pondra a prueba en los proximos anos la hipdtesis de la existencia de un cuarto neutrino
ligero (~ 1 eV), que podria explicar los datos anémalos encontrados en los experimentos
LSND y MiniBooNE.

Objetivos Esta tesis tiene dos objetivos principales. El primero es el estudio de la ge-
neracién y deteccion de la luz de centelleo de argén con los sensores X-ARAPUCA en
SBND. Esta nueva tecnologia que atrapa los fotones incidentes en una caja altamente
reflectante donde son medidos por SiPMs, constituye el sistema de luz de los detecto-
res lejanos del experimento DUNE. SBND cuenta con 192 sensores X-ARAPUCA con
configuraciones de hardware que no han sido probadas antes. El segundo objetivo es rea-

lizar un estudio de sensibilidad a la deteccién de HNLs producidos en la desintegracién
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de kaones a dos cuerpos en el BNB y desintegrandose a un par electrén-positrén y un
neutrino dentro de SBND. Ademés, se han estimado los primeros limites de exclusién

de SBND a HNLs desintegrandose en este canal.

Metodologia Para caracterizar la respuesta de los sensores X-ARAPUCA a la luz de
centelleo de argén y la luz visible se ha disenado un montaje experimental de argén
liquido en el CIEMAT para medir dos X-ARAPUCAs junto con cuatro VUV4 SiPMs de
referencia. Con los datos obtenidos se ha podido determinar por primera vez la eficiencia
de deteccién (PDE) de las X-ARAPUCA de SBND a la luz visible (generada con un laser
a 420 nm) y ultravioleta de vacio (VUV, producida por particulas alfa de una fuente

radioactiva) asi como su comportamiento lineal y el ruido correlacionado de crosstalk.

Para estimar las prestaciones del sistema de X-ARAPUCAs en SBND se han realizado
simulaciones de MC con Geant4 en LArSoft incluyendo los valores medidos de PDE
y crosstalk en el CIEMAT. Asi mismo, se actualizd la respuesta simulada de las X-
ARAPUCA con una senal bipolar, més realista, que incluye los efectos de la electrénica.
Para recuperar la respuesta de centelleo original, se tunearon y desarrollaron algoritmos
de reconstruccion que incluyen el filtrado y deconvolucién de las senales de luz. La mues-
tra de datos simulados inclufa neutrinos del haz BNB y el fondo de muones proveniente

de los rayos césmicos que atraviesan SBND, al estar el detector en superficie.

La senal de la desintegracion de HNL estudiada N — eTe~ v consiste en dos cascadas
electromagnéticas con un vértice comun. Para realizar una seleccion se simularon datos
de senal (HNLs) en el rango de masas de 10 a 150 MeV y sucesos de fondo (neutrinos
del BNB y muones césmicos). La simulacién de la senal requirié incorporar el flujo
completo de neutrinos del BNB dentro del generador de fisica BSM desarrollado por
ICARUS y SBND, MeVPrtl. También se incluyeron los efectos de las anisotropias en la
desintegracion del HNL. Ademas se simul6 la respuesta completa del detector, utilizando
variables reconstruidas a partir de las sefiales de los distintos sistemas de SBND. Para
separar las sefiales del fondo se entrené un boosted decision tree dedicado. Finalmente,
se ha utilizado el tiempo de llegada de la luz de centelleo como variable para separar los

neutrinos del SM de los HNLs, que tardan mas en propagarse al ser mas masivos.

Resultados Las X-ARAPUCAs con SiPMs Hamamatsu S13360-6050-VE y barra wavelength-
shifter Glass to Power Blue mostraron valores de PDE a la luz VUV entre 1.99 % y 2.29 %

para sobretensiones de 2-3 V, mientras que las X-ARPAUCA Onsemi MICROFC-30050-
SMT y barra wavelength-shifter Eljen EJ-286 entre 1.27 %-2.20 % para sobretensiones

de 3.25 V a 5.75 V. Se obtuvo una medida de PDE a la luz de 420 nm (el pico del TPB),

que extrapolada al angulo de incidencia esperado en SBND dio valores en el rango de

0.3 %-0.45 % para ambas X-ARAPUCAs.



La reconstruccién de las senales de luz a partir de datos simulados mostré resoluciones
energéticas y espaciales comparables al sistema de tubos foto-multiplicadores. Seleccio-
nando sucesos de neutrinos que depositaran mas de 200 MeV, se obtuvo una resolucién
temporal del sistema de 3,05 & 0,04 ns, capaz de resolver la estructura interna del BNB

y realizar buisquedas de BSM entre los paquetes de neutrinos del SM.

Las seleccién de HNLs realizada obtuvo eficiencias de seleccién entre el 12.5% y el 25 %,
suprimiendo el fondo de eventos del SM en un factor de mas de 103. Asumiendo que no
se observara una senal de HNL, se obtuvieron limites de exclusién de SBND a este tipo
de proceso con valores de |Uy4|? en el rango de [3,30 x 1073-4,32 x 10~7] para masas de
HNLs entre 10-150 MeV.

Conclusiones Los resultados obtenidos en esta tesis han permitido caracterizar por
primera vez el sistema de detecciéon de luz X-ARAPUCA instalado en SBND. Se ha
determinado su PDE a la luz ultravioleta y a la luz visible por primera vez. Las medidas
realizadas se han incluido en la simulacién de SBND. A su vez, se ha desarrollado la re-
construcciéon de las sefiales de luz y estimado su rendimiento esperado utilizando eventos
simulados de neutrinos provenientes del haz con muones césmicos. Las herramientas de
software desarrolladas para el analisis de datos de laboratorio y proceso de senales en
SBND se han transferido a DUNE. Por tltimo, se ha realizado el primer estudio de sensi-
bilidad incluyendo una simulacion y reconstruccion completa de SBND a la bisqueda de
HNLs en el rango de masas < 150 MeV desintegrandose a un par electréon-positrén y un
neutrino dentro de SBND. Los resultados, realizando un ajuste al tiempo de llegada de
los candidatos de HNL con resolucién de ns, muestran que SBND sera capaz de liderar
la buisqueda de HNLs en el rango de masas de 30-150 MeV tras tres anos de toma de

datos.



Chapter 1

Neutrino physics

Neutrinos are one of the most intriguing elementary particles in modern particle physics.
For many decades, they were thought to be massless. They can propagate through the
Earth or escape the dense core of a collapsing star. Their almost-inert nature makes
the study of their properties difficult. As of today, the mechanism that generates the
neutrino masses lies outside our current understanding of the subatomic worlds. In this
chapter, the current knowledge of their physical properties is outlined. First, an histori-
cal review of their discovery is given in Section 1.1. The description of neutrinos within
the Standard Model of Particle Physics is described in Section 1.2. The experimental
evidence of the neutrino masses and the current three-neutrino oscillation paradigm are
reviewed in Sections 1.3 and 1.4. The experimental anomalies found in neutrino os-
cillations and theoretical reasons motivating the existence of more neutrino states are
summarized in Section 1.5. Lastly, an introduction to the heavy neutral lepton models

is presented in Section 1.6.

1.1 The discovery of the neutrino

The existence of neutrinos was first postulated by Wolfgang Pauli [1] in 1930 to explain
the continuous spectra observed in beta decays and ensure spin conservation [2]. As a
weakly interacting particle with no electric charge, neutrinos can escape the detectors
carrying away energy and momentum, leaving no visible traces. This led to the famous

quote:

I have done a terrible thing: I have postulated a particle that cannot

be detected.
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attributed to Pauli. Data also showed that the mass of the particle, if any, should be

very small.

Following the discovery of the neutron [3, 4] by Chadwick in the early 30’s, nuclear
models with neutrons and protons bound together were proposed by Heisenberg and
others [5, 6]. In 1934, Enrico Fermi developed a new theory to explain the beta decays

[7], nicknaming the new particle escaping the nucleus as the small neutron or neutrino.

Because they only feel the weak force, it was not until the ’50s that they were directly

detected by Cowan and Reines [8, 9] through the inverse-beta reaction:
VUe+p— et + n,

measuring the characteristic signal produced by electron-positron annihilation into a pair
of photons of 511 keV each followed by a neutron capture few microseconds later. The
measured cross-section of the reaction o = (1140.26) x 10~% ¢cm? was in agreement with
Fermi’s calculations. For this discovery, Reines was awarded with the Nobel Prize in
1995. Evidence of the muon and tau neutrinos was found in 1962 and 2001 respectively
10, 11].

1.2 Neutrinos in the Standard Model of Particle Physics

Today we know neutrinos produced in beta decays are electronic (anti)neutrinos (v.),
one of the three flavors present in the Standard Model (SM) of Particle Physics. It is
important to note that under the usual formulation of the SM, neutrinos are massless.
Although the discovery of neutrino oscillations has demonstrated otherwise, the mech-
anism originating the neutrino masses is unknown, a question that remains yet to be

answered.

The SM of Particle Physics describes the fundamental particles and the three main
interactions in absence of gravity: the weak, strong and electromagnetic interactions, as
well as the Higgs field, which gives mass to the SM particles. Particles with no strong
interactions and spin 1/2, such as electrons and neutrinos, are referred to as leptons,
while particles composed of bounded quarks (protons, pions, neutrons...) are called
hadrons (see Figure 1.1). Hadrons and leptons interact through the exchange of bosons

with spin 1, the force carriers associated with the excitation of each bosonic field.
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Figure 1.1: Standard Model of elementary particles.

The SM Lagrangian has a local SU(3)¢c x SU(2)r, x U(1)y (for color, weak isospin and
hypercharge respectively) gauge symmetry, which under spontaneous symmetry breaking
through the Higgs mechanism transforms into SU(3)¢ x U(1)gas. This phenomenon
gives mass to the weak interaction carriers: the Z° and W* bosons. The first can
transfer energy, spin and momentum but not electric charge, thus processes mediated
by exchange of a Z° boson are usually referred to as neutral currents. The WT bosons
can also transfer electric charge, producing charged current interactions . In the SM
neutrinos are massless particles with three flavors, each of them forming a weak isospin

doublet with its respective charged lepton:

Neutrinos interact with other particles through the neutral and charged currents:

g _ 0

L — — T oy, 7

NC = 5008 O Z vLytvoisy,
(1.2)

—Loo = Z 2ty VVJr + h.c.

V2 g

where [ = e, u, 7 is the lepton flavor, g is the SU(2) weak coupling constant and 6y the
Weinberg angle [12]. The left component of the fermion fields (vz,l;) is given by the
projection operator P, = (1 —~°)/2, and is the only one coupled to the weak boson

fields (Wi, Z9). This is depicted in Fig 1.2, where a neutrino interacts with a nucleon.
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Charged currents produce an outgoing lepton with the same flavor which allows us to

determine the nature of the incident neutrino.

D D D I;

N N’ N N’

Figure 1.2: Left (Right): Feynman diagrams for the interaction between an incoming
neutrino, v; with ¢ = e, u, 7, and a nucleon, N, for the neutral (charged) case. [; is the
outgoing lepton.

In the SM neutrinos (antineutrinos) are only left (right) handed. A right-handed neu-
trino component, not coupled to the weak carriers, could form Dirac mass terms through

the Yukawa couplings:

Lyvuk = mD(VLVR + ERI/L) (1.3)

if neutrinos are Dirac particles, where vy, r represents a generic neutrino flavor field
projected in the usual chiral (left-right) components. The neutrino mass (mp) originates

after the Higgs field acquires a vacuum expectation value (v):

mp = c%. (1.4)
with ¢ the (Yukawa) coupling to the Higgs field.
Neutrinos could also be Majorana particles with a mass term of the form:
Ly = 1mj\/ﬂhbc + h.c. (1.5)

2

In this case, the neutrino would be its own antiparticle, thus violating the total lepton

number conservation.

Although the nature of the neutrino fields is still unknown, the experimental evidence
indicates that there are three light neutrinos that interact weakly. The Z° boson can
decay to a quark-antiquark, a charged lepton-antilepton or a neutrino-antineutrino pair.
By measuring the total decay width of the Z° resonance, a constraint on the number

(N,) of light neutrino flavors (m, < mgz/2) coupled to the weak force [13] can be
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obtained. These are usually referred as active neutrinos. The LEP (Large Electron-
Positron Collider) experiments at CERN combined results [14] for the number of weakly-
coupled neutrinos

N, = 2.9840 % 0.0082

are compatible with the three flavor paradigm. Any new neutrino must be right-handed
(not coupled to the weak force). They are usually referred as sterile neutrinos. The
detection of a sterile neutrino poses a technical challenge: a neutral particle not coupled

to any of the three forces in the SM.

1.3 Beyond the Standard Model: the neutrino mass prob-

lem

As of today, the value of the neutrino mass is unknown. The current upper limits on

the neutrino masses come from three different sources:

1. The standard cosmological model (ACDM) indirectly constrains the total neutrino
mass (Y m,) using "cold” or relic neutrinos. These neutrinos come from the early
universe, and thus were relativistic in origin. They became non-relativistic after
the universe cooled down, transitioning to matter-like behavior and affecting the
formation of galaxies, global structures, etc. The current limit combining DESI
and CMB data yields an upper limit > m, < 0.072 eV [15].

2. Direct end-point searches led by the KATRIN experiment, which measures with
high precision the end point of the electron energy spectrum produced in tritium
beta decays. Their current best value is m,, < 0.45 eV [16]. This method is purely
based on the kinematics of the interaction and does not assume their Majorana or

Dirac nature.

3. Neutrino-less double beta decay (0v3f3) searches [17]:

(A, 2) = (A, Z +2)+2e + 25+ Qpg, (1.6)

where the ‘annihilation’ of the antineutrino pair leaves a clear signal with only 2
electrons produced at the same time and matching the remaining energy Qgg. The
discovery of this reaction would imply that SM neutrinos are Majorana particles
and the total lepton number is violated, while no observation constrains the allowed

phase space for Majorana neutrinos. The leading upper limits on the effective
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Majorana mass (mgg) is given by the KamLAND experiment mgg <28-122 MeV
[18].

However, neutrinos were considered to be massless particles for a long time. Even today,
many calculations assume the neutrino masses are negligible since they are below the eV
scale [19]. In most cases, we can treat neutrinos as ultra-relativistic particles traveling
at (almost) the speed of light. The natural question arises: how do we know their mass

is not exactly zero?

The first experiment to observe a deficit of neutrino events with respect to the expected
flux was the Homestake experiment led by Ray Davis [20]. Placed 1.47 km underground
in the homonymous mine in South Dakota, it measured the neutrino flux from the Sun.
The location mitigated the background from cosmic rays in the detector. The chosen
target for v interactions was perchloroethylene (C2Cly), rich in chlorine which would

react with neutrinos from the Sun producing 37 Ar:

ve £57Cl — 3TAr+e,

which decays into 37Cl, producing Auger electrons detected with a proportional counter.
The flux measured by Ray Davis was significantly smaller than expected, almost one
third of the neutrino capture rate that John N. Bahcall calculations predicted [20]. By
the 90’s, a deficit in the solar neutrino flux was also confirmed by the other chlorine,

water Cherenkov and gallium experiments [20-23].

Around the same time, different experiments measured the neutrinos produced by the
interactions of cosmic rays with the upper atmosphere of the Earth [24-28]. The subse-
quent decay of pions and kaons constitutes a source of atmospheric neutrinos. At first
order, a two-to-one ratio between muon and electron neutrinos was expected. While

some experiments reported a deficit of muon neutrinos, the results were not conclusive.

The answer came from two independent experiments. First, the Super-Kamiokande col-
laboration measured with high precision the atmospheric flux as a function of the zenith
angle. In 1998, they reported a deficit in the muon neutrinos coming from the antipodes
with a simple explanation assuming a 2-oscillation model of muon and tau neutrinos [29].
Secondly, the SNO experiment measured both the neutral and charged currents from the
solar neutrino flux [30]. While the charged current distributions showed a deficit similar
to other experiments, events from neutral current were consistent with the prediction

from the solar models: electron neutrinos were oscillating into muon and tau neutrinos.
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Subsequent experiments have confirmed theses results and measured neutrino oscillations
both in appearance and disappearance channels [31-34]. The nature of the oscillations
requires neutrinos to have mass, although the oscillation phenomena is only sensible to
the squared mass differences. A description of the oscillation formalism is given in the

following section.

1.4 Neutrino oscillations

The idea of lepton flavor violation was already proposed by Bruno Pontecorvo. In 1957—
58, he discussed the possibility of more neutrino states [35]. In particular, he noticed
that [36]:

. one cannot exclude the possibility that the apparent contradiction...
1s partially due to the possibility that ... the stream of neutral particles

changes its composition on the way from reactor to detector.

Four years later, Maki, Nakagawa and Sakata [37] developed a simple two-neutrino
flavor oscillation model. After the discovery of the 7 [38] in 1975, the addition of v, and

subsequent extension to the current three flavor paradigm was straight forward.

In analogy with the quark sector and the CKM (Cabibbo-Kobayashi-Maskawa) matrix
[39, 40], neutrino oscillations require neutrinos to have a mass term such as the one in
Equation 1.3 and/or 1.5. For both Dirac and Majorana cases, the neutrino propaga-
tion states are the mass eigenstates (v1, v2,v3), and relate to the standard flavor states

(Ve, Yy, vr) through the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix:

Ve Uel UeQ Ue3 1551
vy = Uul UMQ Uu3 V2 (17)
vr Ui Ura Usrs V3

This matrix is unitary and has N? degrees of freedom. N(N — 1)/2 can be identified
with Euler rotations in Euclidean space. Re-defining the neutrino fields multiplying by
a phase:

lvj) = €% |v;) (1.8)

allows us to remove unphysical degrees of freedom. The number of phases that can be

absorbed this way depends on the Majorana or Dirac nature of the fields. For Dirac
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(Majorana) fields and N > 3, 2N — 5 (3N — 6) can be interpreted as physical phases
that may cause C'P symmetry breaking [12]. For N = 3 flavors and assuming a Dirac
nature, there are three Euler angles and one complex phase (usually referred to as the

CP phase or dcp). A common parametrization of the PMNS matrix is given by:

C12€13 512€13 s13e” 0CF
Upmns = | —s19c3 — €12523513€9CF  c1aca3 — S12523513€70CF 523€13 (1.9)
i 5
512523 — €12523513€"°CF  —c12823 — 512235137 c23C13

where s, ¢ stand for the sine and cosine functions and the subscript labels the Euler
angles: 019,013, 6023. As in the hadron sector, C'P violation requires dcp # 0,180°. In

the Majorana case, two extra complex phases («, 3) are added:

U = Upnns x diag(1, ™, ). (1.10)

Because all SM neutrinos are light and their mass differences are below the eV scale,

neutrino mass eigenstates |v;) can interact coherently as they propagate in vacuum:

lvi(z,t)) = e Eit |yy(z,0)) (1.11)

The starting neutrino (¢t = 0) corresponds to a fixed flavor eigenstate and thus, a linear
superposition of mass eigenstates. Each mass eigenstate has a different mass (m; #
ma # ms), and so does their time evolution following Eq 1.11. As a result, there is
a non-negligible probability of flavor change. The oscillation probability in vacuum
depends on the energy of the neutrinos, the squared mass differences between mass

eigenstates (Am?j = m? —m?) and the total distance (L) traveled by the neutrino [13]:

3 2

Am=. L

P(vo — 13) =0ap — 4 ';lRe(Ka@ij) sin? ( 45 >
1>j=

3 2 2
Amz. L Amz. L
+ 4 Z Im(Ka/g,ij)sin< 4E” )cos( 4Ew )

i>j=1

(1.12)

with:
Kagﬂ'j = UaiUE'U;jU,Bj (1.13)

1
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For antineutrinos, the second term has the opposing sign and thus is sensible to the
violation of the CP symmetry. This is the cause of the deficit observed in atmospheric
neutrinos. The ones produced in the antipodes propagate through the Earth over longer
distances (L) than the ones produced on top of the detectors, and therefore oscillate to

other flavors.

Solar neutrinos suffer a similar effect but they have to travel through a dense plasma
medium rich in free electrons. Because of this, the neutrinos also suffer from matter
effects as they propagate through the Sun which modifies the oscillation probability in
equation 1.12. For example, for the ®B neutrinos it is estimated that more than 90%
leave the star in the vo mass eigenstate [41]. Indeed, that is what SNO experiment

confirmed by measuring the total neutral and charged currents and their relative ratio
[42].

It is important to note that equation 1.12 depends on the squared mass differences and
thus is not sensitive to the absolute value of the neutrino masses. Due to the nature of
the oscillations, it can also be shown that the possible Majorana phases associated with

neutrinos would cancel out and thus are not measurable through oscillation analyses.

Last, note that the right-hand side from equation 1.12 vanishes if neutrinos were to be
massless (Am?j = 0), but also if the PMNS angles 6,3 were equal to 0. Complementary,
for SM neutrinos to oscillate at least two of the three masses must be different from
zero. The order of the mass eigenstates (m; < mg < ms called normal, m3 < m; < mg

called inverted) is still unknown.

The most recent values of the oscillation parameters from a global fit to the available

data are given in Table 1.1 .

1.4.1 Open problems in neutrino physics

To date, the following questions remain open:

The octant of A3, with preferred values between 40° and 52°. The current exper-

imental data favors the second octant (623 ~ 49°).

The neutrino hierarchy as normal or inverted (depicted in Figure 1.3).

The amount of C'P violation in the lepton sector (determining the value of dcp).

The absolute value of the neutrinos masses m;.
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Normal Ordering (best fit)

Inverted Ordering (Ax* = 2.3)

bfp 1o 30 range bfp +1o 30 range
sin? 012 0.30779:912 0.275 — 0.344 0.3070013 0.275 — 0.344
012/° 33.6610 7 31.60 — 35.94 33.677073 31.61 — 35.94
sin? 03 0.57270-0%% 0.407 — 0.620 0.57870-039 0.412 — 0.623
023/° 49.1719 39.6 — 51.9 49.579-9 39.9 — 52.1
sin? 013 0.0220375-999%¢  0.02029 — 0.02391 | 0.0221979:59959  (0.02047 — 0.02396
013/° 8.541611 8.19 — 8.89 8571011 8.23 — 8.90
Scp/° 197752 108 — 404 286127 192 — 360
Am%l +0.21 +0.21
e 7.417021 6.81 — 8.03 7411921 6.81 — 8.03
Am%e +0.027 +0.032
Tosoy? | T2ONINGT  $2428 - 42597 | 249810550 —2.581 — —2.409

Table 1.1: Neutrino oscillation parameters: best values and confidence intervals from
the global fit to the available experimental data. All values taken from [43].

e The mechanism originating the neutrino mass term, and the neutrino nature as

a Majorana or Dirac particle, implying the violation or conservation of the total

lepton number.

. v v, v,
Normal Hierarchy Inverted Hierarchy
m; [ m, T
m?[eV?] .
Atmospheric
Am3;~2 x 1073
m, T
Am3,
Solar
Am32,~7 x 1073
m; [T
Am2,
m; R T | S
}? { -
0

Figure 1.3: Normal and inverted hierarchy current status. Values taken from [43].

The first three questions will be addressed by next-generation long baseline oscillation

experiments, particularly the DUNE and Hyper-Kamiokande collaborations [44, 45].



Neutrino physics 11

The foruth and fifth ones are the target of S decay and Ov3[ searches respectively (see

section 1.3).

1.5 Sterile neutrinos

So far, we have discussed the three-flavor paradigm, where active SM neutrinos interact
through the weak force with other SM particles. There are, however, experimental

anomalies suggesting more non-active or sterile neutrino mass states may exist [46].

1.5.1 Experimental hints

The LSND experiment observed in 2001 an excess of electron anti-neutrinos in a #,, beam
at a 3.80 confidence level (Figure 1.4-Left) [47]. The MiniBooNE collaboration reported
a 4.70 low-energy excess of electron-like events in neutrino mode (Figure 1.4-Right)
and a total 4.80 excess combining neutrino and antineutrino datasets [48, 49]. Being a
Cherenkov detector, MiniBooNE was not capable of distinguishing between photon and
electron induced signals. Thus, the nature of the anomaly remains unknown as charged

ve current and neutral current (70 for example) events could cause the excess.

For this reason, other experiments like MicroBooNE (a liquid argon TPC located next to
MiniBooNE) have searched for similar signals, but their results were not conclusive with
those of MiniBooNE. Although MicroBooNE did not find excess of electron or photon
events [50], a simple explanation to these anomalies would be the addition of a fourth
light sterile neutrino. The global constraints to a 341 framework from short baseline ex-
periments oscillation fits are shown in Figure 1.5. The Short-Baseline-Neutrino program
(SBN) at Fermilab [51, 52] will look for these eV-scale sterile neutrinos in the upcoming

years.

More hints come from the so-called Gallium anomaly [53], reported by the GALLEX,
SAGE, and BEST detectors observing a deficit in charged-current v, events. For more
than ten years, there has also been a reactor anomaly [54] showing a deficit of measured
ve from various nuclear reactor experiments. However, some models in newer flux cal-
culations appear to relax tensions between the expected v, reactor flux and data [55].
Additionally, cosmological models can constrain the effective number (Nesy¢) of light
sterile neutrinos as they contribute to the energy density of the universe [46]. The latest
measurements from Plank data estimate Neyp = 2.99 £ 0.17 in agreement with the SM
prediction (Negp = 3.046) [56].
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It is worth mentioning that some data exhibit contradictory tendencies, for example, in

the global 3+1 fits between the v, — v, appearance and the v, — v, disappearance data

[46]. There is also tension between the reactor and gallium experiments, particularly in

the ve — v, disappearance channel [57-59].
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1.6 Heavy neutral leptons

The fundamental idea of Heavy Neutral Lepton (HNL) models is the addition of one or
more heavy sterile neutrinos (my), making the lighter neutrino masses (m, ) inversely
proportional to the heavier states [60]. One can introduce more neutrino mass states
by expanding the usual PMNS matrix to a (3 + n,3 + n) matrix with n the extra mass

states:

Ve Uel Ue2 Ue3 te Uen 151
vy Uﬂl U#Q ng s U/m 9
Vr == UTI UT2 UT3 e UTn V3 (]-14-)
Vs, Usnl Usn2 Usn3 T Usnn Vn

The 3+1 model in the eV-scale proposed to explain the anomalies observed by experi-
ments has one key feature: the new sterile neutrino oscillates with the rest of the SM
neutrinos. In general, this will happen if the new neutrino is light enough for its wave
packet to propagate coherently with the SM neutrinos [61, 62]. HNLs, on the other
hand, are heavier and decohere from the active neutrinos, not participating in neutrino

oscillations.

Figure 1.6 illustrates the propagation of the neutrino wave packets. The decoherence
from the SM packets occurs if the new sterile neutrino travels slow enough with respect
to the distance between the production point and the detector. We define Ad, as the

difference:

Adysz< Lo ) (1.15)

& Mactive Msterile

with p the neutrino momentum and L the distance traveled. Noting the size of the wave
packet in the propagation direction as o,, we then can distinguish light sterile neutrinos
if Ad, < 0, and heavy when Ad, ~ o,. For the distances and energies available at SBN
(L < 1km and E, ~ 700 MeV), sterile neutrinos with m > 1 MeV lose the coherence

with SM neutrinos.

Different see-saw types have been developed depending on the mediator(s) involved and
the associated operators added to the SM Lagrangian. In the common Type I see-saw,
the HNL is a right-handed singlet, whereas Types II and III introduce scalar and fermion
triplets, respectively. An extensive review is given in [60]. The range of HNL masses

spans from few keV to TeV and even energies at the grand unified theory scale.
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Figure 1.6: Cartoon depicting propagation of the neutrino wave packets. Left: wave
packet at the creation instant. Right: the light (top-right) and heavy (bottom-right)
sterile neutrino cases are shown. The decoherence occurs if the delay is comparable or
bigger than the scales of the distances between production and decay of the neutrino
mass states.

HNL searches can also be divided by the light active neutrino the HNL is coupled to
(Ve, vy, vr). Figure 1.7 shows the current experimental limits from beam experiment
searches for the case where one of the three couplings dominates and the other two can

be neglected.

Electron-coupled HNLs (|Ug4|? # 0) can be produced with masses up to ~130 (490) MeV
from pion (kaon) decays. The current limits in electron-coupled HNLs in the [30-490]
MeV range come from the PIONEER, NA62 and PIENU experiments [60].

HNLSs coupled to muon neutrinos (|U,4|? # 0) have allowed mass regions up to (30) 388
MeV from pion (kaon) decays. The SBN program [52] is competitive in this mass range
[30-380] MeV with world leading results coming from the MicroBooNE, T2K, PS191
PIENU and E949 experiments [63—69).

Tau-coupled HNLs (|U,4|? # 0) are kinematically forbidden for the BNB energies. The
leading results in these searches come from CHARM, Belle, and DELPHI collaborations
[60].

In all three cases, a lower limit of the HNL coupling to Standard Model neutrinos can be
derived using Big Bang nucleosynthesis (BBN) data. In particular, the decays of HNLs
in the early plasma would affect the abundance of light elements [70].
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Chapter 2

SBND in the SBN program

Neutrinos are particles only coupled to the weak force. With a small cross section, their
detection and characterization is a challenging task. In this chapter, a review of the
SBND detector and the SBN program is given. First, a general overview is outlined in
Section 2.1. The neutrino beam employed in the SBN program at Fermilab is described
in Section 2.2, while Section 2.3 reviews the technology chosen for the three detectors
of the SBN program: the Liquid Argon Time Projection chamber. The details of the

SBND experiment are given in Section 2.4.

2.1 The Short-Baseline Neutrino program

S - = T e x -

= . S ] =

=Dy = > BNB target

: . > ’ SBN Near Detector i

SBN Far Detector MicroBooNE S ~ -
. ot} Booster NeutrinoBeam %t . TV e e

ICARUS

Figure 2.1: Map of the SBN program at Fermilab. The three SBN detectors (in
blue): SBND, MicroBooNE and ICARUS, have baselines of 110 m, 470 m and 600
m respectively. The Booster Neutrino Beam (in red) delivers a 99.5% v, flux with
<E,ju> = 0.7 GeV.

The Short-Baseline Neutrino (SBN) program at Fermilab [51, 52] consists of three Liquid
Argon Time Projection chamber (LArTPC) experiments at different baselines from the
Booster Neutrino Beam (BNB): SBND, MicroBooNE and ICARUS (see Figure 2.1).

16
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The SBN program will look for light sterile neutrinos in the eV mass scale and test
the excess seen by both LSND and MiniBooNE detectors [47, 48]. To constrain the
systematic uncertainties, the three detectors employ the same technology: the liquid

argon time projection chamber [71].

MicroBooNE, with an active volume of 89 tons and located 470 meters from the BNB
target, operated from 2015 to 2021 [72]. MicroBooNE recorded data equivalent to 13.2
x10%° POT from the BNB. The detector was placed close to the MiniBooNE detector
vault to directly test its anomaly, as LArTPCs are capable to separate electron from

photon-induced signals [73, 74].

ICARUS took neutrino beam data from 2010 to 2013 at Gran Sasso (Italy)[75, 76]. After
major upgrades to the charge and light readout systems [77], the four TPCs of ICARUS
were moved in 2017 to Fermilab. With an active volume of 476 tons, ICARUS was placed
at 600 meters from the BNB target to be the far detector of the SBN program. The
experiment started operations at its new location on 2021 [78], searching for oscillations.
ICARUS will take data equivalent to 6.6x10%° Protons on Target (POT) from the BNB.
The difference in the active volumes of ICARUS and MicroBooNE, makes ICARUS

dataset larger.
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Figure 2.2: Top: v,, — v, oscillation probabilities for a 700 MeV neutrino for different
oscillation parameters assuming a 3+1 model. Bottom: oscillation probabilities at the
near and far detectors as a function of the neutrino energy. Graphs taken from [52].
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SBND, the near detector, is placed at 110 m from the BNB target and has an active
volume of 112 ton. Due to its proximity to the beam target, SBND observes the largest
flux from the BNB. This represents millions of neutrino events for a total 3-year expo-
sure (1021 POT). The filling of the detector was completed in March 2024 and physics
data taking started in fall 2024. The main characteristics of the three detectors are

summarized in Table 2.1.

The specific location of the far detector was chosen to be close to the oscillation maximum
assuming a 3+1 neutrino model with a fourth light sterile neutrino in the eV range (see
Figure 2.2-Top). The BNB peaks at ~ 700 MeV, close to the second oscillation peak
assuming a Am3; = 1.5 eV? (Figure 2.2-Bottom). Flux uncertainties as well as the
systematic uncertainties associated with nucleon interactions are critical for oscillation
searches. Flux uncertainties are constrained by the near detector, while cross-section
and interaction uncertainties are reduced by using the same target medium, and detector
effects by sharing the same technology, the LArTPC. The exclusion limits for the SBN
program combining the three detectors to a 341 scenario are shown in Figure 2.3 Left
(Right) for the v.(v,) appearance (disappearance) channel. The allowed regions (filled
brown) show the sensitivity of the SBN Program assuming a sterile neutrino signal with

a mass of ~1 eV.
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Figure 2.3: Left (Right): SBN exclusion and allowed-region sensitivities to v.(v,)
appearance (disappearance) under the (3+1) sterile neutrino hypothesis. The exclusion
limits are shown with solid and dashed brown lines for the 50 and 99% confidence
levels. The blue dashed line includes the expected increase in exposure for SBND and
ICARUS. The filled areas show the SBN sensitivity to a sterile signal with a squared
mass difference of Am?%, = 1.3 eV2. The contours produced with data from other
experiments are shown with gray lines.

The SBN program will collect millions of neutrino-argon interactions. The proximity of

the detectors to the beam target also allows for other beyond Standard Model (BSM)
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searches such as dark photons, heavy neutral leptons (HNLs), light dark matter... Mas-
sive long-lived particles (LLP) can leave imprints similar to SM neutrinos but delayed
with respect to the beam due to the slower propagation [79], while some models leave
characteristic topologies with little or none SM equivalents, for example, HNLs decaying
into a electron-positron pair and a neutrino, with a clear common vertex (see Chapters

5 and 6).

Active volume Lpgyp  Exposure BNB 6
Detector ftons| m]  [1020 POT| spills/v Total v (x10°)
SBND 112 110 10 20 10
MicroBooNE 87 470 13.2 600 0.44
ICARUS 476 600 15 180 1.65

Table 2.1: Summary of the three detectors of the SBN program. For ICARUS and
SBND, the expected exposure is shown. The 5th column represents the number of spills
from the beam required on average to produce a neutrino interaction at each detector.
The total number of events assumes a rate of 5x10'2 POT per BNB spill. A detailed
description of the beam characteristics is given in section 2.2.

2.2 The Booster Neutrino Beam

The neutrino beam is produced from the collisions of a 8 GeV proton beam with the
beryllium target, as shown in Figure 2.4. First, protons are pumped from the 750 keV
injector into the LINAC facility (purple) where they reach 400 MeV and then are injected
into the Booster. The Booster (blue) is a 474-meter-circumference synchrotron with a
firing frequency of 15 Hz [81]. The Booster has a harmonic number of 84, of which 81
buckets of protons are filled and accelerated up to 8 GeV of kinetic energy. The beam is
extracted from the Booster using a fast-rising kicker magnet that extracts all the protons
in a single cycle or spill. Each spill contains ~ 5 x 102 protons that hit the beryllium
target, usually referred as protons on target (POT). Each spill has a total duration of
~ 1.6 us. The structure of the spill contains the 81 bunches separated approximately
19 ns from each other with a 1.3 ns width each [82, 83], as depicted in Figure 2.5. In
SBND, one neutrino interaction is expected each 20 beam spills or 4 seconds, since the
BNB horn rate is up to 5 Hz.

Before the target, the proton beam intensity, width and position are monitored. The
vacuum in the beam pipe extends up to 1.5 m before the target, minimizing the proton
interactions. At the target (green dot in Figure 2.4), the accelerated protons hit the
seven beryllium cylindrical slugs with a total 71.1 cm length and 0.51 c¢m in radius.
The pions and kaons produced are focused with a magnetic horn. The horn is a pulsed

toroidal electromagnet that produces a magnetic field of up to 1.5 Tesla. Because the
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Figure 2.4: Scheme of the Booster facilities at Fermilab in colors [80]. The protons
enter the linear accelerator (purple) and are injected in the Booster ring (blue) where
they reach up to 8 GeV. Then they are conducted (orange) to the beryllium target
(green dot), producing the BNB flux.

1.3 ns
Beam bunch structure
A\

Y
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Y

10 us (trigger)

Beam spill structure

Figure 2.5: Time structure of the BNB spills. At nominal conditions, five spills are
delivered per second with a duration of 1.6 us each. The spill has an inner structure of
81 bunches, separated 19 ns from each other.

polarity of the magnet selects either positive or negative charged mesons, the beam can

run in neutrino or antineutrino mode. In the following 50 meters, the decay of the
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mesons produces a flux composed mainly of v,, as depicted in Figure 2.6. The neutrino
spectra depends on both the neutrino energy (Figure 2.7) and the angle with respect
to the beam-line. The produced neutrino beam inherits the bunch structure from the

proton beam, convolved with the flight and decay times of the produced mesons.

IJ+
p Tr+ R >
Vi
Decay region ot
1IN ~50m

Figure 2.6: Scheme of the BNB target and magnetic horn [84]. The incident protons
produce forward-going mesons, which are focused selecting positive (neutrino mode)
or negative (antineutrino mode) particles. The main contribution to the neutrino flux
comes from pion and kaon decays.

A dedicated Geant4 [85] simulation is used to estimate the arriving neutrino flux at each
SBN experiment. The Monte Carlo simulation includes the location and composition
of the relevant components of the BNB. The p-Be interaction modeling includes elas-
tic and quasi-elastic scattering with models constrained using external data [81]. The
tuning of the 7% production incorporates the HARP dataset using the Sanford-Wang
parametrization [81]. The kaon production is constrained by SciBooNE’s K production
cross-section measurement using high energy neutrinos from the BNB [86]. Produced
particles can undergo energy loss and hadronic processes. The magnetic field effect in
their trajectories is also included. The simulation keeps any decay chain that contains
a neutrino in the final state, saving the parents energies, momenta and initial and final

positions.

The resulting neutrino flux at the SBND front face is shown in Figure 2.7-Top. Notice
that the neutrino flux in Figure 2.7 also has a small contamination of 7, (while running
in neutrino mode) from very forward negative mesons and some v, and .. Most of the
neutrinos are produced by pion decays with a small contribution from kaons and muons

as shown in Figure 2.7-Center and Right for the v, and ¥, components.

2.3 The LArTPC Technology

The liquid argon time-projection chamber (LArTPC) was first proposed by Carlo Rubbia
[71] in the late 1970s with the idea in mind of a scalable, multi-ton neutrino detector that
also had precise information of the event topology. At the time, neutrino experiments

were divided into two main categories: the high definition but small-sized targets led by
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Figure 2.7: Top: BNB flux at the SBND front face by neutrino type [84]. Center and
bottom: flux composition by parent meson for the v, and 7, components respectively.
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bubble chambers, and targets with bigger masses such as water-Cherenkov approaches
where only some of the global features of particle interactions (angle, total deposited

energy...) could be estimated.

In a LArTPC, ionization electrons and scintillation photons are produced by the inter-
action of the charged particles crossing the detector with the argon. The work function
values are 23.6 eV and 19.5 eV for electrons and photons respectively [87]. The electrons
are then drifted towards the anode readout planes through an applied electric field, typ-
ically in the 500 V/cm scale. The readout of the charge in the anode planes allows to
create 2D pictures of the interactions. The combination of multiple readout planes gives
a 3D reconstruction of the event (Figure 2.8). Because the photons propagate in the ns

scale, light signals enable precise determination of the interaction time tg.

Uuvw

Eqrift

[ ][]

incoming v

Liquid argon TPC

~J

time
—p

Readout planes

Figure 2.8: Working principle of a LArTPC [88]: charged particles inside the detector
deposit energy in the medium ionizing electrons and producing scintillation photons.
The electrons are drifted towards the anode planes applying an electric field. From the
readout of the electric signals on induction (U,V) and collection (W) planes, a complete
3D picture of the event is produced.

The topological resolution is limited by the wire pitch, the distance between two consec-
utive wires, with current LArTPCs in the few mm-scale. The area of the wire intensity
signal is proportional to the amount of electrons arriving to the wires, with energy

thresholds of hundreds of keVs deposited in argon.

The scintillation photons (light information) are produced in the VUV range and travel
the TPC at 13.4 cm/ns [89] providing triggering, timing and complementary calorimetry

to the ionization electrons (usually refereed as charge or TPC) information. Combining
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the light and charge information is essential to reduce backgrounds such as muons from

cosmic rays [90].

Maintaining the purity of the LAr is key as free electrons and scintillation photons can
be captured by other elements before reaching the readout systems. Another challenge
of these detectors is the cryogenic setup required to cool and maintain the argon in
optimal conditions given the low boiling point (-186 °C / 87 K at 1 atm) of LAr, as
well as operating the TPC and light readout systems immersed in the argon. There are,
however, significant advantages that outweigh the complexity of using this element as a

target medium [71]:

A high atomic mass number means more nucleons for the neutrinos to interact

with. The liquid argon also has a high density (1.39 g/cm?).

e Argon is transparent to its own scintillation light, meaning that photons produced

by argon dimers are not absorbed again.

e TPC-crossing electrons can be measured at the anode planes without being re-
captured by argon atoms, given sufficient purity of the argon (< 1 ppb of O3)
is achieved [91]. Drift distances up to 6 meters have been tested and operated
[92, 93], to prepare for the upcoming kilo-ton scale that DUNE far detectors will
employ.

e The high electron mobility (u: v = p x E, with E the applied electric field) allows
the readout of detectors with drift distances of few meters in the milliseconds scale

[94].

e Argon is the most abundant noble element in the atmosphere (0.94%). It is easy

to extract and purify and a relatively cheap material.

The main relevant physical parameters of liquid argon are summarized in Table 2.2.
Progressively larger LArTPCs have been developed over the past decades [51, 72, 75,
93, 95] increasing the number of recorded neutrino events and pushing the knowledge of
the field.

2.3.1 Charge production and transport in a LArTPC

Different charged particles will leave different signatures in a LAr'TPC. For the neutrino
energies available at the BNB (hundreds of MeVs to few GeVs), the products of the
interaction with argon nuclei can be split into two categories by the topology in the

detector:
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Property Value Unit
Boiling point 87.30 K
Density at 87K 1.397 g cm ™3

When held in a 500 V ecm ™! electric field and at 87 K

Electron mobility 329.7 cm? V-1 g1
Electron drift velocity 0.1648 x 10° cm s!
Longitudinal diffusion coefficient 6.823 cm? 71
Transverse diffusion coefficient 13.16 cm? 57!
Critical energy, e* 32.8 MeV
Critical energy, pu* 485 GeV
Moliere radius 9.04 cm
Radiation length 14.0 cm

Nuclear interaction length 85.7 cm
Minimum specific energy loss 2.12 MeV cm™!

Table 2.2: Relevant physical properties of liquid argon. Values taken from [12, 96].

e Protons, muons and pions deposit energy mainly by collisions [97], leaving in most
cases a clear straight line of ionized electrons usually called a track (see Figure 2.9).
Muons tend to leave longer tracks, some of them escaping the active volume of the
detectors. Some notable exceptions are low energy protons with track lengths in
the few centimeters. MeV-scale electrons (below 100 MeVs) also leave track-like

signals.

e GeV-scale electrons deposit their energy by radiative photon production through
bremsstrahlung. Photons of few MeVs produce electron-positron pairs. Secondary
pairs can radiate photons producing extra ete™ pairs, as shown in Figure 2.10.
The cascade of particles is usually called an electromagnetic shower. Photons

present a gap between the creation vertex and the start of the shower when the

ete™ pair is produced. Their radiation length in LAr is 14 cm. Electrons, on the

other hand, start the shower at the interaction vertex.

A LArTPC does not distinguish the sign of the charge of an ionizing particle without
applying a magnetic field. However, the mean rate of energy loss per unit distance
(dE/dz) described by the Bethe-Bloch equation [12] can be used to separate different

massive charged particles in the detector:

()

where K is a constant factor, z the charge of the particle crossing the material, Z, A

2 6(B7)
B

2Z 1 [1 (2.1)

2m6626272Tmax
z°——|=1n
ApB% |2 1?2

the atomic and mass numbers of the medium, I the mean ionization energy, d(57v) a
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Showers

Figure 2.9: Neutrino event candidate with showers (white) and tracks (orange).

Figure 2.10: Scheme of different shower types if the starting particle is an electron
(Left) or a photon (Right). Picture taken from [98].

density correction term, and 3,~ the usual relativistic factors: 8 = v/c, v = /1 — 2.
For reference, a minimum ionizing particle (MIP) leaves ~ 2 MeV /cm. The maximum
energy transferred through scattering, Ty ax depends on the mass M of the charged

particle:

QmeBZFYQ

Tinax = PR
1+ (2yme) /M + (me/M)

(2.2)

This allows for the identification of protons from muons and pions, as shown in Figure

2.11. Muons and pions themselves are harder to separate due to their similar masses.
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Figure 2.11: dFE/dx versus residual range for stopping protons (upper band) and
muons (lower band), picture taken from [93].

Recent studies, however, suggest that looking at the small energy depositions (blips) at

track endpoints may help to distinguish them [99].

For showers, the dE /dx along the first centimeters of the shower can be used to separate
electron and photon induced cascades, as shown by ArgoNeuT (see Figure 2.12) and

MicroBooNE experiments [100, 101].
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Figure 2.12: dF/dx distribution for electrons (blue) and gammas (red) for simulated
(solid) and data (points) events from ArgoNeuT [100].

In a uniform electric field, the original position of an ionized electron is given by:

d=vx(t—t). (2.3)
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Figure 2.13: Cartoon showing the ambiguity in the ¢y determination. The same signal
could be produced at different times (¢35 > to2 > t1) along the drift direction.

where v is the electron velocity in liquid argon, and ¢y the time when the electrons were
freed from the atom nuclei. There is, however, ambiguity when estimating the ¢y of the
interaction (see Figure 2.13). Because the ionizing electrons take milliseconds to reach
the wires, the interaction can happen at different times ¢ 5 3 and drift lengths. However,
the amount of photons collected by the photon sensors strongly depends on the drift
distance. The photons also reach the sensors a few nanoseconds after the interaction.
Therefore, a matching between light and charge signals is made to fix the to offset [90].

This is crucial for surface detectors, as muons from cosmic rays can mimic beam signals.

Electron lifetimes (the mean time spent by a free electron in the LAr before being
captured) of tens of milliseconds are required to minimize the charge loss. Drift distances
up to 6 meters have been tested [92, 93], achieving electron lifetimes of up to 30 ms [102].
The path of the ionized electrons is affected by non-uniformities in the electric field [103].
These space-charge effects (SCE) are specially concerning for LArTPCs at the surface
(up to 10%), as muons from cosmic rays are a continuous source of slow-moving positive
argon ions (Ar™) inside the detector. The argon ion drift velocity is around 4 mm/s
[104], 5 orders of magnitude slower than the freed electrons. Spatial offsets up to 15
cm in the reconstructed trajectories of muon tracks have been observed by MicroBooNE
[103].

Another transportation effect inside the TPC is the diffusion of the electrons in both
the transverse and longitudinal directions. This means the further the electrons are
produced from the wire planes, the more the resulting signals will be smeared out.
Diffused electrons can also be detected by neighbor wires, faking their original position.
These effects need to be accounted for both in the simulations and the reconstruction

with data as they can shift the dF/dz calculation by up to 4% [105].
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Both SCE and diffusion processes can affect the calculation of the deposited energy per
distance as its estimation depends on the electric field E, the collected charge (Q) in

the wires, and the distance (z).

2.3.2 Light production and propagation in a LArTPC

Liquid argon is a prolific scintillator with a light yield up to 40,000 photons/MeV in
absence of an electric field [87, 97], and ~24,000 photons/MeV when an electric field
of 500 V/cm is applied. The light spectrum produced by argon dimers, Arj}, peaks in
the vacuum ultra-violet range at 127 nm [106] or 9.7 eV. Impurities such as nitrogen
and oxygen reduce the total light yield by quenching whereas doping the argon with

elements such as xenon can compensate these effects [107].

The argon dimers (Ar}) are produced by two mechanisms: the direct excitation of argon

atoms Ar*+Ar—Arj, or the ionization and posterior electron capture (recombination),

ArT + Ar — Ar;'

(2.4)
Ar] +e — Ar}
as shown in Figure 2.14.
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Figure 2.14: Diagram of the scintillation photon production in liquid argon. A charged
muon crosses the detector, depositing energy. LAr dimers Ar} are formed after either
direct excitation or ionization and recombination.

In both cases, argon dimers are produced in two energy states: singlet and triplet 3%}
[108]. The characteristic decay times are in the nano-second scale for the singlet (Tgast)
and the microsecond scale for the triplet (7gow), whose transition to the ground state

is forbidden in the Russell-Saunders approximation (AS = 0) [108]. Because of the
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difference in their decay times, they are usually labeled as fast and slow components.

The total photon production over time can be described with the following relation:

f(t) = 7Afa8t e_t/Tfast + ASIOW e_t/Tslow , (25)

Tfast Tslow
with Afast(Aslow), the relative number of photons produced by decays of the single
(triplet) states. From the relative ratios of the fast and slow components particle identifi-

cation between neutrons and nuclear recoils, and electrons and muons can be performed

[109].

Although LAr is transparent to its own scintillation scintillation light, VUV photons are
still affected by Rayleigh scattering. This produces a diffusion of the produced light,
but not a decrease of the light yield. Rayleigh scattering lengths in LAr have estimated

values between ~60 cm [110] and 1 meter [89].

The total light (L) and charge (Q) produced in a LArTPC depend on the amount of
deposited energy, as well as the electric field applied to the medium, as it affects the
recombination mechanism [111]. The LArIAT experiment showed how combining both

pieces of information enhances the energy resolution for low energy showers [112].

The measured light yield decreases with the distance of the photon sensors to the emis-
sion point, as the solid angle subtended by the sensor surface decreases. An alternative
to the xenon doping is the use of reflectors covered with wavelength-shifters away from
the photon sensors. In this fashion, part of the light is converted to longer wavelengths,
less affected by absorption and scattering effects. This is the approach followed by the

SBND experiment, described in the next section.

2.4 SBND: the Short-Baseline Near Detector

The Short-Baseline Near Detector (SBND) is the near detector of the SBN program
[51, 52]. Located only 110 meters away from the BNB target, it has an active volume of
4 x4 x5 m3 or 112 tons of liquid argon. The detector was filled in February—March 2024
and is currently being commissioned. Data taking at the nominal electric field started
in July. Physics quality started in fall 2024 as the BNB resumed operations after the

summer shutdown.

The SBND physics program includes:
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e The search for eV-scale sterile neutrinos, as a part of the SBN program. Measuring
the un-oscillated neutrino flux, SBND will play a key role to understand the ex-
cesses of electron-like events observed by the MiniBooNE and LSND experiments
[47, 48].

e Measuring with world-leading statistics many neutrino-nucleon cross sections in
argon. Constraining the statistical uncertainties below the percent level for many
channels, SBND data will pave the way for next-generation LArTPC experiments

such as DUNE, as the cross section is one of the main systematic uncertainties.

e A broad BSM program that also includes searches for long lived particles: heavy
neutral leptons, QCD axions, dark photons... with the intense beam and the
location of SBND.

e Research and development of new light detection technologies such as X~-ARAPUCA
sensors [113, 114] and TPB-coated reflective foils. This is of special relevance for
the DUNE experiment, whose light detection system in the far detector is fully-
composed of X-ARAPUCAs.

SBND has 3 subsystems (Figure 2.15): the charge readout system at the anode planes
(the cathode plane in the middle divides the volume in two TPCs), the photon detection
system, located behind the wire planes and an external cosmic-ray tagger system, located
outside surrounding the cryostat. The three of them are described in detail in the

following subsections.

2.4.1 Charge readout system

The SBND active volume is split in two TPCs by the cathode plane in the middle. The
anode planes are 200 cm away each from the cathode (Figure 2.15). Each anode plane
has three wire planes (wires are made of copper-beryllium): two induction (U, V) and
one collection (W) plane, for a total of 11264 wires. The wires of the collection plane
have a vertical orientation while the two induction planes are angled +60° with respect
to the collection planes (see Figure 2.16). The wire-pitch is 3 mm with wires themselves

having a diameter of 150 pum [115].

The cathode is set at a voltage of -100 kV and the APAs at ground for a nominal field
of 500 V/cm. An electron in the TPC takes 1.25 milliseconds to cross the complete
drift distance (200 cm), given a drift velocity ~ 1.6 cm/us [94]. As continuously reading
the TPCs would be impractical, only readout windows of 1.3 ms are recorded plus an
additional 0.2 ms before and after each readout window per issued trigger. In this way,

we record anything that could interact in the detector when the trigger was issued.
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Figure 2.15: Scheme of the SBND detector. The CRT walls (blue) cover the detector
outside of the cryostat, not shown in the picture. The detector is divided in two TPCs
with the cathode plane in the direction of the BNB (South to North). The charge
readout (anode planes) are 200 cm away each from the cathode plane. The photon
detection system is located behind the wire planes.

Figure 2.16: Left: one Anode Plane Assembly (APA) built in UK and moved to
Fermilab for the installation in the detector. Right: APAs assembled at DO assembly
building (DAB) at Fermilab and close-up of the wire planes.
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Figure 2.17: Scheme of SBND TPC readout electronics. The TPC channels are read
out by the FEMBs. Each FEMB consists of an analog motherboard (AM) and an
FPGA Mezzanine (FM). Digitized signals are sent to warm interface electronics and
then to the DAQ and slow control systems. Picture from [116].

The TPCs are readout with 88 Front-End Motherboards (FEMBs) installed in the four
APAs. Each FEMB has 128 readout channels, an analog motherboard and an FPGA
mezzanine [116, 117]. The chosen ADC (12-bit AD7274) has an estimated lifetime of
6.1 x 10° years at its nominal 2.5 V operation voltage [118] and a sampling frequency of
2 MHz [119]. To achieve the best signal-to-noise ratio (SNR) the signals are amplified
in the FEMBs with typical gains of 7.8 or 14 mV/fC, minimizing the cable from the
signal electrodes to the pre-amplifier. The requirements ensure that a minimum ionizing
Particle (mip) with a 3 mm path length produced in the cathode can be resolved. The
warm interface electronics, placed on top of the flanges outside the detector cryostat,
are connected to the cold electronics through 8 m cold copper cables (see Figure 2.17).
Six Warm Interface Boards (WIBs) per crate read and send the TPC digitized signals
to the DAQ system through ten 2 GB/s fiber optical links. The warm electronic boards
are surrounded by a Faraday cage to mitigate external noise. The TPC cold electronics
installation finished in 2019. Noise measurements during commissioning in 2024 have
shown an average RMS of 2 ADC in the induction and collection planes, meeting the
design requirements. An example of a recorded event in the collection view from early
July data is shown in Figure 2.18. A charged current v, candidate can be seen in the

zoomed region.
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Figure 2.18: Example of a recorded event in the collection view and zoom (Right) to
the muon neutrino charged current interaction candidate.

2.4.2 Cosmic Ray Tagger system

Thousands of muons from cosmic rays will cross SBND per second. For reference,
MicroBooNE measured a muon flux rate of ~ 110 ev/m?/s [120]. Cosmic muons are
a continuous source of positive ions in the TPC. They can also mimic neutrino beam-
events and produce triggers in the expected BNB window. For this reason, many analysis
techniques have been developed to reduce the cosmic background that affects all neutrino
experiments at surface level [83, 121]. Cosmic muons can cross the detector in a variety
of directions, and their time distribution is expected to be flat for the millisecond time
scales of the TPC readout [122]. To veto cosmic muons or select calibration samples
with well-known topologies [103], SBND is equipped with a Cosmic Ray Tagger (CRT)
system similar to MicroBooNE and ICARUS designs [123].

X Plane X Plane

Y Plane

Y Plane
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’ CRT hit  Hit stri e
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/,/y tl=t2 = within the X & Y strips
= -
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Optical fibres coupled to SiPMs Optical fibres coupled to SiPMs

Figure 2.19: Working principle of the CRT system: each plane module has 16 scintil-
lator strips (Left). Each strip has two optical fibers coupled to SiPMs on the strip end
(center). Using the information of orthogonal modules, 2D location of the CRT hit is

performed (Right).

The idea is to surround the outside of the cryostat with panels made of strips with
plastic scintillator. When the muons cross the panels, the CRT strips produce photons,

measured at the strips end with SiPMs. The propagation time of the light is in the
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Figure 2.20: Left: CRT walls surrounding the SBND cryostat. A crossing muon
leaves hits on the top-walls. Right: example of a scintillator strip with the two optical
fibers one on each side.

nano-second scale. Each CRT wall has 2 layers with 10.8 cm wide strips in orthogonal
directions to locate the point where the muon crossed the wall with centimeter precision
as shown in Figure 2.19. Points in different walls correlated in time are very likely to
correspond to the same muon crossing the cryostat volume (Fig 2.20-Left). Then, we
can look for candidate tracks in the TPC signals. Since the triggers from the BNB
are expected in a narrow window, CRT signals outside the trigger window are good

indicators of non-beam events.

The use of multiple layers also reduces the amount of fake CRT signals as SiPM coinci-

dence over a threshold in different layers is required to form a CRT hit.

SBND has 7 CRT walls, one for each side of the detector and an extra wall above the top
tagger. CRT walls are made out of modules, each module consists of 16 strips. The plas-
tic scintillator is a mixture of polystyrene with a small fraction of p-Terphenyl (pTP) and
1,4-bis[2-(phenyloxazolyl)]-benzene (POPOP). The SiPMs (Hamamatsu S12825-050P)
match the light guide emission spectrum [51]. A Front-End Board (FEB) biases the
SiPMs and reads the SiPM signals of each CRT module, storing the peak of each pulse
above threshold. The FEB has a nanosecond-timing resolution combining a coarse 250
MHz counter and a delay-chain interpolator. The bottom wall does not fully cover the

bottom side since the cryostat supports are located below the detector.

The installation of the CRT walls started in 2019 with the bottom CRT planes. Opera-
tions resumed after the detector filling in February 2024 (Figure 2.21-Left) and finished



SBND in the SBN program 36

with the top walls installation in September 2024. Beam data has been recorded with
the expected excess of neutrino events during the 1.6 us duration of the BNB trigger
window. Figure 2.21-Right shows this distribution for the CRT upstream wall. The
CRT upstream wall is located before the TPC in the beam direction. The excess of

events in this wall comes mainly from dirt neutrino interactions with the concrete of the

building before reaching the detector.
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Figure 2.21: Left: installation of the south (upstream) CRT wall in April 2024. Right:
Time distribution of clustered CRT signals (space points) at the SBND upstream wall.
The excess from beam-events during the BNB window (1.6 us wide) is clearly visible
over the constant cosmic background.

2.4.3 Photon Detection System
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Figure 2.22: View of the SBND PDS with the coated TPB foils in the center of the
detector and the PDS boxes behind the wire planes. Each PDS plane contains 12 PDS
boxes while each PDS box (Left) holds 5 PMTs and 8 X-ARAPUCA sensors: 4 coated
PMTs, 1 uncoated PMT, 4 coated X-ARAPUCAs and 4 uncoated X-ARAPUCAs.
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SBND has a high coverage Photon Detection System (PDS), with 156 light sensors
located behind the wire planes and a grounding mesh to shield wires from PDS signals
on each side of the TPC (see Figure 2.22). The SBND PDS is composed of 120 photo-
multiplier tubes (PMTs) Hamamatsu R5912-MOD model [124], and 196 X-ARAPUCA
sensors, a new scalable technology that will also be used by the DUNE experiment
[114, 125] described in more detail in the next chapter. The cathode plane in the center of
the detector is equipped with reflective foils coated with Tetraphenyl Butadiene (TPB).
TPB captures the VUV scintillation photons and re-emits them in visible wavelengths

[126], peaking at 420 nm.
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Figure 2.23: Left: photo of the PDS sensors located behind the TPC wire planes.
Right: image of the cathode plane and the TPB-coated reflective foils. PDS sensors
collect direct VUV light (blue) and re-emitted photons by the TPB in the visible range
(red).

Figure 2.23 illustrates he different light production mechanisms in SBND. Thanks to
the TPB-coated foils in the middle, we recover part of the VUV light yield as we move
away from the PDS sensors. The VUV and visible light are usually referred as direct
and reflected components. Thereby, we can also classify the PDS sensors by the light

they are sensitive to:

e Coated units: they have wavelength shifter materials deposited on the sensor
surface. The shifter (TPB for PMTs and pTP for X-ARAPUCAs) absorbs and re-
emits the direct VUV light in longer wavelengths. Coated units are also sensitive

to the reflected light component.

e Uncoated units: They are only sensitive to the reflected light produced in the
middle of the detector by the TPB foils re-emission.

The combination of units sensitive to light produced in different locations of the detector
allows SBND to reconstruct the drift distance of the events (X in Figure 2.22) using
only light information [127]. The collection area of the PMT (X-ARAPUCA) system



SBND in the SBN program 38

is 1.92 (1.42) m? on each PDS plane which represents a 16.7% coverage (PMTs + X-
ARAPUCAS) of the total plane surface. For comparison, ICARUS and MicroBooNE

have a coverage of 5% and 4.2% respectively.

The 8-inch PMTs are the primary PDS sub-system, used for triggering. The PMTs are
read out using eight CAEN VX1730SB digitizer modules with a 500 MHz sampling (2 ns
per time-tick). Typical gains are in the range of 107 at voltages of ~ 1200 V.

The 192 X-ARAPUCA units are equally split in coated and uncoated modules. X-
ARAPUCASs are read out using an amplifier similar to the DUNE model [128] located
outside the cryostat. Their signals are digitized using 62.5 MHz sampling CAEN V1740B

modules.

The readouts for both systems are located in the mezzanine floor, with the DAQ servers
for the different systems. The delay introduced by the 30 m of cables connecting the
PMTs and the readouts (outside the cryostat) introduce a delay of ~ 135 ns. The effect
of the cables on the X~-ARAPUCAs signal shape and delay is quantified in Chapter 4.

The PDS system boxes were installed and wired behind the APA frames between March
and September 2022. Multiple quality assurance/control tests were performed before
and after closing the cryostat to ensure the good conditions of the PDS sensors. PMT
sensors were powered on after the detector filling and took beam data before the BNB
summer shutdown (see Figure 2.24). The commissioning of the PDS is taking place.
Early PMT gain equalization was performed using late light pulses from scintillation
light signals in spring 2024. The installation of the X-ARAPUCA warm electronics is

ongoing.

SBND has an ambitious R&D program that incorporates passive (TPB-coated reflective
foils) and active (X-ARAPUCA sensors) features into their PDS. Chapter 3 describes
the characterization of the X-ARAPUCA subsystem properties and the measurements
performed at the CIEMAT lab, including the estimation of the photon detection effi-
ciency (PDE) of X-ARAPUCA coated units. The MC simulations and reconstruction
algorithms developed to evaluate the X~-ARAPUCA expected performance [127] are dis-
cussed in detail in Chapter 4.

2.4.4 'Trigger and DAQ system

SBND physics goals require a trigger system capable of selecting efficiently neutrino
events over a high rate of cosmic backgrounds. Additionally, calibration data and back-

ground characterization samples are taken while simultaneously collecting beam data.
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Figure 2.24: Left: example of a PMT waveform used in gain calibrations: the selected
peaks (red stars) surpass a baseline RMS threshold (dashed red line). Right: time
distribution of clustered PMT signals (flashes) from early June 2024 data. As in the
CRT case (Figure 2.21-Right), the excess from beam events is visible during the BNB
window.
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Figure 2.25: SBND hardware trigger components: MTC/A (Left) and PTB (Right).

Information from the PDS, the CRT and the accelerator signals is used to make a deci-

sion. The hardware trigger has two main components:

e The Master Trigger Card Analog: the MTC/A takes as input a signal pro-
portional to the number of PMT pairs that surpass a threshold for each CAEN
V1730 board. Then, the card compares the analog sum of the signals to three

configured thresholds and sends a logic signal when each threshold is crossed.

e Penn/Photon Trigger Board: the PTB combines the MTC/A, beam early
warning and CRT signals and issues the trigger to the TPC/Nevis Trigger Board
and the different SBND systems to prompt data acquisition.

In the PTB, each system has configurable low-level triggers that are combined forming
high level triggers including inputs from the different systems. The primary trigger uses

the prompt scintillation light produced in LAr and measured by the PMTs.

The SBND data acquisition system (DAQ), sbndaq, is based on the artdaq framework
and shared with the ICARUS collaboration [129]. For each trigger issued by the PTB,

the Nevis Trigger Board creates an art event, pulling data (usually called fragments)
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from all the systems into the same event. A precise synchronization between all the

systems is required to ensure the correct fragments are put together.

After the TPC ramp-up to nominal voltage in early July, data has been taken with two
trigger configurations for commissioning. The first trigger fires on all the BNB beam
spills, and recorded the data shown in Figures 2.24, 2.21 and 2.9. The second trigger

records crossing muons leaving signals in opposing CRT walls.



Chapter 3

Characterization of SBND
X-ARAPUCA photodetectors

In this chapter, a detailed description of the SBND X-ARAPUCA system is given.
Their main features are outlined in Section 3.1. Sections 3.2 and 3.3 describe the setup
developed at CIEMAT and the calibration measurements performed to characterize
SBND X-ARAPUCA sensors. The measurements of their photon detection efficiency to
the VUV and visible light are discussed in Sections 3.4 and 3.5.

3.1 Introduction

With the increment in the scale of LArTPC detectors, cost-effective and scalable alter-
natives to the standard photo-multiplier tubes have been developed in the past decade
to detect argon scintillation light. The technology of choice for DUNE far detectors
is the X-ARAPUCA sensor [125]. This device traps the incoming photons in a highly
reflective box where light sensors, placed in the inner sides of the X~-ARAPUCA, collect

them. In the words of one of its creators:

Arapuca is a Brazilian word, it’s an indigenous Guarani word that

means ‘a trap to catch birds.’

The typical X-ARAPUCA device has the following components, shown in Figure 3.1:

41



Characterization of SBND X-ARAPUCA photodetectors 42

127 nm
photons

COATED
X-ARAPUCA

TPB coated foils 127 420 nm

i 127 nm
i photons 420 nm
PTP coating 127 —350 nm f
Dichroic filter: A < 400 nm : Dichroic filter: A < 450 nm
WLS Light guide E WLS Light guide
350 —430 nm ; 420 —»490 nm
w : w
3 i 3
= i <
w : w
Reflective i Reflective UNCOATED
surfaces 1 surfaces X-ARAPUCA

Figure 3.1: Top-Left(Right): working principle of the X-ARAPUCA sensor for coated
(uncoated) SBND X-ARAPUCAs. In the uncoated units, the conversion from VUV
to visible wavelengths occurs at the TPB-coated foils in the middle of the detector.
Bottom: 3D scheme of SBND X-ARAPUCAs: each module has 4 SiPM boards.

e First, a wavelength shifter (WLS) material is placed on top of the collection win-
dows. Half of SBND X-ARAPUCAs are coated with paraterphenyl (pTP) [130],
and are sensitive to the direct VUV light produced by excited argon dimers Arj
(Figure 3.1, Top-Left). The pTP reemits VUV photons in the 300-400 nm range,
peaking at ~ 350 nm.

e Then, a dichroic filter selects the photons that enter the X-ARAPUCA box and
reflects the other wavelengths. The coated units filter allows photons in the 300—
400 nm to pass. The cutoff, however, is highly dependent on the angle of incidence
of the incoming photons. For this reason, a small fraction of the visible photons
produced by the TPB-coated foils (TPB peak is ~ 420 nm) is detected by the
coated X-ARAPUCAs (see Figure 3.2). The visible X-ARAPUCA filter (400-450
nm) only transmits visible photons, absorbing the direct VUV scintillation light.

e Inside the X~-ARAPUCA, a WLS light guide converts the photons to longer wave-
lengths where the dichroic filter is highly reflective. The photons can either reach
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the light sensors by multiple reflections or total reflection in the guide. The con-
version also increases the detection probability, as SIPMs are more efficient in the
visible light range. X-ARAPUCA models with Glass-To-Power bars have shown
superior performance compared to the Eljen models in similar prototypes devel-
oped for DUNE far detectors [131]. The absorption and emission spectra of both

Eljen bars are shown in Figure 3.3.

e On two lateral sides, at the end of the light guide, silicon photo-multipliers (SiPMs)
collect the trapped photons. While SBND X-ARAPUCASs use up to three different
SiPM models, more than 90 % of the 192 X-ARAPUCA units are equipped with
the Onsemi MICROFC-30050-SMT SiPMs. The other 16 (placed in the middle of
SBND’s APA planes) use two different Hamamatsu models. Onsemi (Hamamatsu)
X-ARAPUCASs have 8 (4) SiPMs per board (see Figure 3.1 Bottom), for a total
32 (16) SiPMs per X-ARAPUCA.
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Figure 3.2: Transmittance curves of the pTP-coated 400-nm dichroic filter for different
angles of incidence (AOI) light as a function of the wavelength. The TPB emission
spectrum is shown in solid green. The values of the transmittance at 420 nm (TPB
peak) are highlighted with squares. Note that AOIs < 45° let part of the visible photons
pass.

The SiPMs are a multi-pixel array of single-photon avalanche diodes (SPADs) in Geiger
mode. When incoming photons trapped in the X~-ARPAUCA hit the SiPM surface, a
characteristic di-exponential shape signal is produced per triggered cell. The SiPMs
provide single-photon detection at cryogenic temperatures while requiring much smaller
operation voltages (~ 40 V) than the standard PMTs (~ 103 V). They are relatively
small, ~3-6 mm side. The X-ARAPUCA effectively increases the total collection win-
dow, making the final sensor cost-effective, scalable, and ideal for large areas with tight

space constraints.
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Figure 3.3: Left (Right): absorption and emission spectra of the 286 (280) Eljen WLS
bars, used in Onsemi coated (uncoated) units.

SBND counts with six different configurations of X-ARAPUCAs. An overview of the

different hardware components for each can be found in Table 3.1, while the main fea-

tures of the different SiPM models at room temperature provided by the manufacturers

are summarized in Table 3.2.

600

Manufacturer SiPM Model Dichroic filter cutoff WSL bar Units

Onsemi MICROFC- pTP-coated 400-nm Eljen EJ-286 [132] 88

30050-SMT [133] 450-nm Eljen EJ-280 [132] 88
Hamamatsu pTP-coated 400-nm | Glass-To-Power Blue [113] 6
Hamamats S13360-6050-VE [134] 450-nm Glass-To-Power Green 6
tmamatst Hamamatsu pTP-coated 400-nm Glass-To-Power Blue 2
S13360-6050-HS [135] 450-nm Glass-To-Power Green 2

Table 3.1: Different X-ARAPUCA units in SBND by technical components. Note

that the values of the dichroic filter cutoff are given for an incident angle of 45°. In

blue, the measured units characterized at the CIEMAT lab are highlighted.

. Operation PDE at Dark count | Gain
SIPM model Overvoltage [V] | 420 nm [%)] Crosstalk [%] rate [MHz] | [10°]
Onsemi
MICROFC-30050-SMT | - 40 10 04 4
Hamamatsu
S13360-6050-VE 3 40 4 0-5 L7
Hamamatsu
S13360-6050-HS 3 o 10 06 2:5

Table 3.2:

Relevant properties of the different SiPM models in the SBND X-

ARAPUCASs at room temperature provided by the manufacturers. All quantities taken

from

[133-135].

Various measurements of the efficiency of different SiPMs at cryogenic temperatures

[136, 137] suggest photon detection efficiencies (PDEs) in the range of 10-20% depend-

ing on the wavelength, SiPM model, etc.

The complete X-ARAPUCA unit has an
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expected PDE to VUV light in the 1.5-3% range from measurements with similar con-
figurations [131, 138]. The configurations installed at SBND, however, have never been
measured before. Thus, the complete SBND X-ARAPUCA unit performance has to
be characterized with all the components assembled. The next sections describe the
dedicated cryogenic setup developed to test 2 out of the 6 different X-ARAPUCA con-
figurations in SBND. They are highlighted in blue in Table 3.1 and are referred from
now on as coated Onsemi and Hamamatsu X-ARAPUCAs unless stated otherwise. For
each configuration, gain determinations, crosstalk estimations and non-linearities studies
were performed. The last sections explain in detail the event selection and data filtering

used to compute the PDE of both coated configurations to the VUV and visible light.

3.2 Experimental setup at CIEMAT

To measure the X-ARAPUCA PDE, the X-ARAPUCA response to VUV and visible
light sources was compared with four reference SiPMs of known PDEs characterized at
CIEMAT [136]. Thanks to the reference sensors, the PDE measurement is independent

of the purity of the argon (assuming no attenuation in the propagation is produced).

The coated Onsemi and Hamamatsu X-ARAPUCAs were tested in two separated runs.
The group at UNICAMP provided the dichroic filters, WLS, X-ARAPUCA structure
and Hamamatsu SiPM boards. The group at University of Michigan supplied the Onsemi
boards.

Diffuser ( @4 mm)

il r 4 12,7

DAQ and i hIN 49

monitor PCs = ! SiPM 289
L & 290

75

a source

“83’5 8.'7 ‘ /Laser

SiPM 377 \ A
& 378

15 52
T

\CAEN
~~—_Amplifier
& ADC

Cryogenic &,
vessel

Figure 3.4: Left: picture of the complete setup at CIEMAT. Right: 3D scheme of the
black box that holds the components, and zenithal view. The reference SiPMs 289 and
290 are in front of the alpha source, while the 377 and 378 are in front of the laser.

The light sources employed in the setup reproduce the conditions that will be present
at SBND. The visible wavelength light source is a 420+10 nm laser (PicoQuant —
PDL828+LDH-P-C-420 [139]) which corresponds to the TPB emission peak. The laser
includes a diffuser that distributes the visible light following a cosine law. The VUV

scintillation light is produced by the interaction of alpha particles emitted by an 24'Am



241Am

Characterization of SBND X-ARAPUCA photodetectors 46

radioactive source with argon. The « particles have energies of 5.485 MeV (84.45%) and
5.443 MeV (13.23%) , emitting approximatly 200k scintillation photons in liquid argon
per event. The a source has an activity of (54.53 + 0.82) Bq [140].
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Figure 3.5: Left and Right: schemes for the structure used to support the light
sources, X-ARAPUCA module, and the system of stainless steel vessels used to contain
them. Center: Photo of the installation of all the elements in the inner vessel.

To calibrate the amount of light produced by the light sources, four reference Hamamatsu-
VUV4 SiPMs, characterized at CIEMAT to VUV and visible light sources, are used [136],
placing a pair in front of each light source. The reference SiPMs 289 and 290 are in
front of the alpha source, while the 377 and 378 are in front of the laser, as depicted in
Figure 3.4. The components are held by an opaque black box that also suppresses light
contamination from other sources such as cosmic muons crossing the vessel, as shown in
Fig 3.5 Left and Center. One of the two windows of the X~-ARAPUCA was illuminated.
The other X-ARAPUCA window was kept covered to avoid light contamination. The
distance and position of the light sources and the reference SiPMs was optimized per-
forming Monte Carlo simulations using the Geant4 (G4 from now on) software package
[85]. In particular, there is a pair of reference SiPMs in front of each light source to
minimize angular effects on the reference SiPMs. The two SiPM in front of the alpha

source were also used in coincidence for triggering.

The reference sensors, the light sources, the X-ARAPUCA module and a cold amplifi-
cation electronics (based on a DUNE model [141]) are introduced in an inner vessel of
stainless steel. Gaseous argon is pumped into the vessel and liquefied using the liquid
nitrogen in an intermediate vessel to cool it down (Fig 3.5-Right). To prevent the system

from warming up, a vacuum is induced in the outer vessel.
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Reference SiPM signals are amplified with a CAEN N979 amplifier [142] in warm. The
amplification factors were set to a factor of 5 for the reference SiPMs and 31.2 for the
X-ARAPUCA. To read the sensors, a 14 bit, 500 MHz ADC (model CAEN DT5725S
[142]) is used. A pulse generator which can trigger the ADC was connected to the laser
to perform calibrations. The pulse generator can trigger the laser with a sharp signal
(~ns wide), which approximates a delta function pulse. An scheme of the DAQ system
at CIEMAT is shown in Figure 3.6.

Pulser

Data output

" J
| [ ’

Trigger

5 <
PC running Feedthrough
DAQ software Warm Electronics: Cold Electronics:

differential to SiPM ganging and

single-ended conversion first amplification. 5

and second amplification. 2
o
x

LAr

LN
2

Figure 3.6: Scheme of the data acquisition system at the CIEMAT setup [114].

Each data taking lasted for 3 days per X-ARAPUCA configuration. For each configu-

ration, different measurements (from now on runs) were performed:

e Calibration runs: they use the pulse generator as a trigger source, with the laser
at low intensity. The value was tuned to match the range of few photo-electrons
(PEs). From the integrated charge spectra (usually called finger plots), gain values

for different over-voltages (OVs) on each sensor are computed.

e High intensity runs: they employ the same trigger as calibration runs, but with a
higher laser intensity. These runs characterize the sensor response shape, and are
used for the determination of the PDE of the X~-ARAPUCA to the visible light.

e Noise runs: runs taken using the same trigger as calibration runs, but with the
laser switched off. Their purpose is to characterize possible correlated noises with

the pulse generator and the baseline.

e Alpha runs: where data recording was triggered by reference SiPMs exceeding an
amplitude threshold value. Configurations triggering in a single SiPM, coincidences

of the 2 SiPM in front of the alpha source, and coincidence of the 4 reference SiPMs
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were tested. The aim of these runs is to trigger only on events produced by the «

source, used to determine the PDE to the VUV light.

e Muon runs: events with coincidence of the 4 SiPMs, with higher values for the
amplitude thresholds than the alpha runs were recorded. These runs have a low

event rate (~1 Hz), and were collected during the nights.
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Figure 3.7: Zoomed signals (4us) of a recorded event from a calibration run for the
coated X-ARAPUCA with Onsemi SiPMs. The average baseline and lo region are
showed in solid and dashed red lines respectively. The baseline has been estimated and
subtracted.

For each issued trigger, a 20 pus window is recorded with 4 us (20%) of pre-trigger to
compute the baseline. The pedestal is determined with a sliding window algorithm. The
first 3.2 us are split into 8 windows of equal length (400 ns). The mean of the segment
with lowest standard deviation is taken as the pedestal value and subtracted from the
waveform for each channel. Negative polarities are also inverted. This is depicted in Fig
3.7 for all the optical channels. Notice the larger amplitude noise in the X-ARAPUCA
channel, driven by the higher amplification of the original signal (more than 5 times
the reference SiPMs amplification). The average STD of the baseline for the reference
SiPM (X-ARAPUCAs) channels was found to be 3.6 (7) ADC counts. The single photo-
electron of both the reference SiPMs and the X-ARAPUCA had a typical amplitude of
20 ADC.

The first step towards the estimation of the PDE is the calibration of the reference
sensors and the X-ARAPUCA units, discussed in the next section.
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3.3 Calibration

3.3.1 Gain measurement

The first step of the calibration is the gain factor determination, that is, how much
charge is produced in the sensor per photo-electron. For all the sensors, we need to

know the number of detected PEs per light pulse. The gain is defined as:

Gain = % (3.1)
where e is the electron charge and () the charge associated with the signal of a single PE.
In a SiPM, the gain corresponds to the amplification of electrons on each cell-pixel since
the avalanche is started after a photon hits the SiPM surface and frees an electron until
the torrent of electrons reaches the discharge region, producing a signal. To measure the
total charge of the signal we have to take into account the amplification factors of cold
an warm electronics, as well as the conversion between ADC counts and voltage. In this
case, 2'4 corresponds to 2 Volts. The impedance of the ADC (Rap¢) is 50 Ohms and

the period or time between two consecutive ADC samples is 4 ns (250 MHz).

As the total charge of the pulse is proportional to the area of each light pulse, a criteria
is needed to determine the integral of each pulse. The chosen criteria is to select a
fixed integration time range where the average waveform is contained. Since the pulse
generator triggers the data acquisition for calibration runs, the signals are already aligned
and no extra correction is needed. After computing the average pulse, the integration
limits are chosen left and right from the signal peak (Amp,,.) as the first bins that
satisfy Amp < 1% Amp,,,, (see Fig 3.8). These limits are computed per run and channel.
The method prevents pedestal fluctuations from biasing the charge, as uncorrelated noise

is averaged out. In the X-ARAPUCA signals, an undershoot of ~ 10% is observed.

After computing the charge for every signal, the charge histogram is fitted to a sum of

Gaussian functions:

f(@, A, iy 03) = zi:Ai 6XP<($_M)2> (3.2)

2
207

A first processing of the histogram profile finds peaks over a fixed threshold. Figure 3.9-
Center shows this procedure for a calibration run of the coated Onsemi X-ARAPUCA.

Notice the peak centered at 0 charge corresponds to events with no signal.
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Onsemi X-ARAPUCA, calibration run data
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Figure 3.8: Example of charge estimation: individual pulses from calibration data
in blue, and average waveform shape in orange for a calibration run of the coated
Onsemi X-ARAPUCA. The integration limits satisfying Amp < 1% Amp,,,, are shown
with black dashed lines. The undershoot caused by the AC couplings produces dipolar
signals that cross the baseline, in solid black.
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Figure 3.9: Charge histograms from calibration data of the Hamamatsu (Left) and
Onsemi (Center) X-ARAPUCA and the reference SiPM 289 (Right) in blue. The peaks
found in pre-processing stage and the combined Gaussian sum fit are shown in green
markers and red lines respectively.

Finally, one can compute the gain using the difference in means of Eq 3.2 for consecutive
peaks:
G; = Hitl = i o~ (3.3)
e
where p; has units of electric charge and C'is the constant that converts from ADC xticks
units to coulombs. For the computation of the gain value (G), the first 4 peaks are used

as for bigger number of PEs it is observed a small decrease (~ 2%) in the G; value.

The over-voltages (voltage of the sensor over the breakdown voltage: OV = Voperation —
Vg:) chosen for each coated X-ARAPUCA (see Table 3.3) are close to the expected
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operation voltage at SBND. These OVs correspond to similar PDEs at room temperature
for the individual SiPMs according to the manufacturers (see Table 3.2), with a PDE of
40% for an OV of 4.5 (3) V for the Onsemi (Hamamatsu) SiPMs.

The X-
ARAPUCA SiPMs have smaller gains (Fig 3.10) in the [2-4] x10° range, while the
reference SiPMs are in the [5-9]x10% range. Both X-ARAPUCA configurations exhibit

a similar gain for the same over-voltage.

The results are in agreement with the specs given by the manufacturers.

X-ARAPUCA type | Vg, [V] | OV [V] | Gain [x10%]
2 1.49 + 0.01

Hamamatsu 41.4 2.5 1.87 + 0.01
3 2.25 £ 0.01
3.25 2.52 £ 0.01

Onsemi 42.15 4.25 3.31 £ 0.01
5.75 4.46 £ 0.01

Table 3.3: Summary of the obtained gains for both X-ARAPUCA units tested.

Onsemi
X-ARAPUCA

Hamamatsu
X-ARAPUCA 1

SiPM289
SiPM290
SiPM377 H
SiPM378

Gain [10°]

Overvoltage [V]

Figure 3.10: Calibration curves for both coated X-ARAPUCA configurations tested
at CIEMAT with Onsemi and Hamamatsu SiPMs, and the reference Hamamatsu-VUV4
SiPMs.

Reference SiPM ﬁgél]q at OV 2.5 [(ig%l at OV 3.5 [(igél]’l at OV 4.5
SiPM 289 4.95+0.01 6.75+0.01 8.6540.02
SiPM 290 5.12+0.01 6.98+0.01 8.9640.02
SiPM 377 4.9940.01 6.90+0.01 8.9640.02
SiPM 378 5.0640.01 6.971+0.01 9.06+0.02

Table 3.4: Summary of the obtained gains for all four reference SiPMs for a typical

calibration run.
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Although the sensors were stable during data takings, small variations (< 5%) in the
reference SiPMs were observed. To reduce the uncertainty in the charge estimation the
calibration of each day was used to estimate the charge of the other runs taken during
that day. The uncertainties on the fit parameters are the leading factor but in all cases

are below the 1% level.

3.3.2 Crosstalk measurement

To correctly estimate the charge detected by both reference SiPMs and the X-ARAPUCA
one has to take into account the probability of a fired SiPM cell to induce an avalanche
in neighbor pixels, usually refereed as crosstalk or crosstalk probability. Following the
Vinogradov approximation [143], crosstalk can be modeled at first order by a compound
Poisson distribution where each fired cell has a probability CT to fire an adjacent cell.
Secondary cells can also induce avalanches on their neighbors, with a geometric pro-
gression that imposes the condition CT < 1 as CT=1 means all cells would be fired

eventually.

For a constant light source that follows a Poisson distribution, with (1) the mean number

of primary fired cells, the fired cell distribution can be computed as:

e ¢ i n—i
Pz, OT) = S S Bl (1 - CT) - O, (3.4)
i=0
where the factor B, is defined as:

1 wheni =0 and n =0
Bin=4 0 wheni =0 and n >0 (3.5)

il(i — 1)!(n —1i)!' otherwise.

This is illustrated in Figure 3.11, where the distributions for a fixed p and different
crosstalk values are shown. We can also define the duplication factor Kg,p, = 19%
which represents the fraction of increased charge with respect to the no crosstalk case.

The initial and measured fired cells iy, fimeas then follow the simple relation:

[ _ Hin
meas 1—CT

— fin(1 + Kaup) (3.6)

Because Equation 3.4 depends on 2 parameters, only calibration runs with at least 5

good consecutive peaks (including the 0-PE or pedestal peak) were used in the crosstalk
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Figure 3.11: Probability distribution following Equation 3.4 for the same mean pri-
mary number of PE p = 3 and different crosstalk values. Notice how the shape of the
distribution is shifted towards higher number of N(PEs) for bigger crosstalk values.

calculations. The procedure is shown in Figure 3.12 for a calibration run of the Onsemi
X-ARAPUCA at an over-voltage of 4.25 V.
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Figure 3.12: Crosstalk determination procedure: the identified good peaks (orange
circles) are fitted to a sum of Gaussian functions (Left) for an Onsemi X-ARAPUCA
calibration run. The number of events is determined by the area of each Gaussian, and
the density distribution fitted to Equation 3.4. The error bars display x2 the Poisson
uncertainty in each bin ~ v/ N/N.

In opposition to the gain values, the crosstalk is consistently lower for Hamamatsu SiPMs
than for the Onsemi model. The X-ARAPUCA equipped with Hamamatsu SiPMs also
presents crosstalk values at the same OV similar to the reference Hamamatsu VUV4
SiPMs, around 10 % at an OV of 3 V. For the Onsemi case, values up to 40 % are found
at the highest OV tested (5.75 V).
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This result has been incorporated in the official MC simulation of SBND. The crosstalk
value chosen is 42.4%, as most of the X-ARAPUCAs (176 of 192) are equipped with
Onsemi SiPMs and 5.75 V is the OV closer to the expected operation voltage. The

simulation and reconstruction workflow described in Chapter 4 includes the result.

Sensor type OV [V] | Crosstalk [%]

2 6.2+ 04
Hamamatsu X-ARAPUCA | 2.5 7.1+ 0.8

3 10 £ 2

3.25 20.5+ 0.3
Onsemi X-ARAPUCA 4.25 29.5+ 0.5

5.75 42.4+ 0.5

3 10.02+ 0.08
Reference SiPMs 4 14.94+ 0.3

5 24+ 1

Table 3.5: Summary of the obtained crosstalk values for both X-ARAPUCA units
and the reference Hamamatsu VUV4 SiPMs in liquid argon.

The uncertainty in the crosstalk value from individual fits was at the few percent level.
To reduce the errors, a crosstalk mean weighted with the inverse of the errors was taken

using the best fits from different calibrations at the same over-voltage.

3.3.3 Linearity study

For the linearity studies, measurements in very similar conditions to the ones in LAr were
taken (same electronics, reference SiPMs, ...) but cooling the Onsemi X-ARAPUCA in
liquid nitrogen. Calibration runs were taken and then a scan in the laser intensity
range was performed. There are two main effects to be addressed when discussing the

non-linear regime of SBND light sensors:

e Charge saturation: an effect that causes a loss of observed vs expected charge.
This has been observed for both PMTs and SiPMs sensors [144].

e Pulse shape variations: it has been reported previously for PMTs [145, Chapter 3]
that the amount of collected light might affect the sensor response. Although no
shape variations are expected for SiPM sensors, a direct confirmation using the
whole X-ARAPUCA unit is useful.

To study the first effect we look at the total collected charge by each sensor. In SBND,
the single PE X-ARAPUCA signal is expected to have an amplitude of 8 ADC counts
or 4 mV for the CAEN V1740. The 12 bit ADC (4096 counts) then will saturate at
512 PEs (arriving simultaneously). Thus, it is enough to ensure that the X-ARAPUCA
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does not deviate from the linear regime in the [0-500] PEs range as higher intensities

will saturate the ADC.

The SiPM charge saturation modeled in [144] is at first order the probability that a
photon hits an already fired cell. This effect is more likely to happen the more activated
pixels (total charge) the SiPM has at a given moment. For this reason, the behavior of
the SiPMs (and the X-ARAPUCA) will be linear if the number of fired cells Nyjyeq is
negligible with respect to the total number of pixels Niotai (Nfired K Niotar). Labeling
the expected number of fired cells as N, (the cells fired in absence of saturation effects)

the following relation holds:

N,
Ntireda = Ntotal X [1 - eXP<—Newlﬂ (3.7)
tota

and in the low-charge regime this reduces to the non-saturated behavior Ny;req ~ Negp.
For reference, Hamamatsu-VUV4 SiPMs have N, = 6400 cells, while each On-
semi (Hamamatsu) SiPM has 2668 (4336) cells. Equation 3.7 predicts a 5% deficit in
Ntired/Newp for Negp = 10%Nyorar- Light yields below that threshold can be considered

in the linear regime.

For the charge saturation effects, no significant deviation from the linear behavior was
found when comparing the total charge of the pulse from X-ARAPUCA signals vs the
reference sensors charge (Figure 3.13). The four reference SiPMs are sensitive to different
light yields due to their geometric position in the setup. The ratio between the charge
collected by each of them and the others was found to be constant for all laser intensities,
indicating that all of them were indeed in the linear regime. Since the maximum charge
observed by the reference SiPM 289 is ~200 PEs, following Eq: 3.7, the saturation effects
of the X~ ARAPUCA are below 2% up to 850 PEs.

To study the second effect, average waveforms and charge vs amplitude plots were com-
puted for each sensor at different laser intensities. They are shown in Figure 3.14 with
darker blue tones for the higher laser intensities. The mean charge for each laser in-
tensity (125 to 850 PEs) is included in the legend of the Figure. After normalizing
each waveform dividing by its maximum amplitude (Figure 3.14-Bottom), no significant
deviation in the pulse peak shape or the undershoot was found for the different laser

intensities up to 850 PEs.

3.4 VUV photon detection efficiency

The photon detection efficiency of a light sensor is simply the ratio of measured PEs to

the total number of incident photons:
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Figure 3.13: Average charge and dispersion (STD) for the different intensities as seen
by the reference SiPM 289 and the Onsemi X-ARAPUCA.
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Figure 3.14: X-ARAPUCA average waveforms for the different laser intensities tested
in absolute (Top) and normalized amplitude (Bottom) with a closer zoom to the peak.

#Detected Photo-electrons

PDE =
#Incident Photons

(3.8)

Following formula 3.8, we are interested in the X-ARAPUCA photon detection efficiency
(PDExa). The number of arriving photons at each sensor only depends on the setup
geometry as the deposited energy of the alpha source is fixed. Using the reference SiPMs,
we can estimate the alpha source flux and thus the number of arriving photons at the
X-ARAPUCA surface, making the measurement independent of impurities that affect
the total light production. It is easy to show that:
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PEXA PhOtOHSSipM
PDExa = PDEsg; 3.9
XA PEgipMm % Photonsxa % SiPM (3.9)

where PExa (PEgipym) is the number of photo-electrons in the X-ARAPUCA (refer-
ence SiPM) and Photonsxa (Photonsgipy) the number of arriving photons at the X-
ARAPUCA (reference SiPM). Defining the geometrical factor Fge, = Photonsx s /Photonsgipum
and correcting the effect of the crosstalk (Equation 3.6), the X~-ARAPUCA PDE can be

expressed as:

PEXR™ 1-CTxa _ PDEgsipm

PDExA = X X
A PEgEN 1 — CTsipm FGeo

(3.10)

with PER{* (PEgpy;) the measured charges with the crosstalk effect included. The ref-
erence SiPMs efficiency (PDEgipy) was measured at the CIEMAT lab using the absolute
light yield of the alpha source [136]:

PDEZY =123+1%

The uncertainties arising from the angular dependence of the PDE with the incident
light [146] were reduced by only using the SiPMs in front of the « source (289 and 290)
in the VUV PDE estimation.

To estimate Fgeo, Monte Carlo simulations using G4 were performed (see Fig 3.15). A
simple analytical toy-model, detailed in Appendix A, was developed to understand the
charge distribution observed in the X-ARAPUCA, caused by geometrical effects, and to

serve as a crosscheck to G4 estimations.

The dedicated G4 simulations also included the absorption and Rayleigh scattering
effects. Per each G4 event, 192k photons are emitted isotropically from a random point
in the a source surface. Both the analytical and G4 estimations of the geometrical
factor:

Faeovuov = 42.35+1.36

agree up to 0.8% (see Appendix A and Table A.1 for details). Uncertainties in the final
position of the sensors were taken into account. We performed G4 simulations with
the reference SiPMs and X-ARAPUCA windows displaced £1 mm from their original
positions. The reference SiPMs were also rotated +5°. The variation in the solid angle
estimated was found to be 2% for the X~ARAPUCA and 2.5% for the reference SiPMs

289 and 290. These values were considered as uncertainties.
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Figure 3.15: Examples of the G4 simulations carried out to estimate the number of
photons arriving at each sensor for VUV (Left) and visible (Right) light. Notice that the
alpha source has a non-negligible extension while the visible light can be approximated
by a point-like source.

The last ingredient required by Equation 3.10 is the SiPM and X-ARAPUCA measured
charges. Since the X-ARAPUCA signals are bipolar, the scintillation tail of liquid argon
is hidden in the signal undershoot. To remove the sensor effect, a deconvolution and
Gauss filtering of the raw signals (see Chapter 4) was performed using the template of
the single photo-electron mean waveform. The procedure is shown in Figure 3.16. The
raw signal has visible late light pulses in the undershoot around 1500 ns. After the
processing, the late light is clearly visible in the scintillation tail before recovering the
baseline level. The charge was then estimated from the de-convolved waveforms, showing
a ~10% increase of the total measured charge, as expected. The reference SiPM signals

are unipolar and thus needed no further processing.
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Figure 3.16: X-ARAPUCA signal processing with a VUV scintillation pulse. Small
secondary pulses from the slow component are visible. The raw signal (Left) is decon-
volved removing the sensor response and noise filtered (middle). After the processing,
the scintillation tail is clearly visible in logarithmic scale (Right).

An event selection is applied to ensure only events triggered by the alpha source are used
for the PDE determination. To do so, we take advantage of the different scintillation
profiles that depend on the charge and mass of the charged particle. Specifically, we
compare the fast or prompt charge to the total charge of the signal. This is illustrated
in Figure 3.17-Left, where the F90 (fraction of charge in the first 90 ns) is displayed vs

the total charge; the o source events are clearly isolated. The band centered at F90=0.5
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is driven by cosmic muon events and electron recoils. The wide shape of the events
triggered by the « source (Figure 3.17-Right) is caused by geometrical effects: the alpha
source has a wide area (22 mm radius), and the geometrical aperture (solid angle) of

the X~-ARAPUCA depends on where each alpha particle was produced in the disk.
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Figure 3.17: Left: event distribution detected by the coated Onsemi X-ARAPUCA
in fast vs total ratio (F90) and total charge for an alpha source run with the applied
cuts. Right: total charge distribution before and after cuts, 90 % of the events pass the
cuts.

Figure 3.18 shows the average light waveforms from different sources. The SiPM response
from a calibration laser run, and the average waveforms from muon and alpha runs are

displayed. The scintillation tails are clearly visible over the sensor response.
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Figure 3.18: Average waveforms for a calibration run with the laser (blue), an alpha
run (orange) and a muon run (green).

The firsts a runs of each data taking were used to compute the PDE as increasing im-
purities in the liquid argon reduced the amount of total PEs collected from the alpha

source each day. The ratio of measured charge between sensors, however, was constant.
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This indicates that the impurities do not impact significantly the propagation of pho-
tons for this small setup (L ~ 10 cm) but only the total light produced. The average
charges from alpha runs for the X-ARAPUCAs and the sum of the reference SiPMs 289
and 290 are summarized in Table 3.6. The measured charge of the reference SiPMs is
compatible within errors between measurements which indicates the setup was stable

between different data takings.

Sensor OV [V] | (Q) [PEs]
Reference SiPM 289 & 290 | 3.5 35.40 + 0.4
3.25 163 £ 1
Onsemi X-ARAPUCA 4.25 218 + 2
5.75 340 + 3
Reference SiPM 289 & 290 | 3.5 36.0 = 0.3
2 212 £ 2
Hamamatsu X-ARAPUCA | 2.5 251 £ 2
3 272 £ 2

Table 3.6: Mean charge measured from the « source events for the two X-ARAPUCA
configurations tested and the reference SiPM 289 and 290 in front of the a source that
calibrate the light flux.

For the final PDE numbers, crosstalk from both X-ARAPUCAs and the reference SiPMs
has been corrected at each over-voltage. Following Eq 3.10, the results are shown in
Table 3.7. PDE Values at the expected nominal OVs are in the 2% range, compatible
with similar measurements ([114, 131] and references therein). The Hamamatsu unit
is equipped with more efficient WLS bars and the SiPM model has a higher PDE at
the same over-voltage, resulting in greater PDE values than the Onsemi X-ARAPUCA.
Measurements of an X-ARAPUCA prototype for DUNE far detector with a comparable
size found values of 1.8 and 2.9 % with Eljen and Glass-To-Power bars, respectively
[131].

Sensor type OV [V] | PDE at 127 nm [%]
2 1.99 4+ 0.20
Hamamatsu X-ARAPUCA 2.5 2.17 + 0.24
3 2.29 £ 0.23
3.25 1.27+ 0.11
Onsemi X-ARAPUCA 4.25 1.57+ 0.14
5.75 2.20+ 0.22
DUNE prototype - Eljen bar [131] | 2.7 1.8+ 0.1
DUNE prototype - G2P bar [131] | 2.7 2.9+ 0.1

Table 3.7: Summary of the obtained PDE values at 127 nm for both X-ARAPUCA
units in liquid argon. For comparison, an X-ARAPUCA prototype for DUNE far
detectors with different SiPMs but similar size is included.

The uncertainty of the measurement is dominated by the reference SiPM PDE (~ 8%).

For the Hamamatsu unit, the second biggest uncertainty is the crosstalk determination
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(~ [6—="T]%), as their calibration charge spectra have less resolution (individual PE peak
separation from each other) compared to the Onsemi X-ARAPUCA (see Figure 3.9 Left
and Center). The geometrical uncertainty in the solid angles, and therefore in the Fge,

factor is ~ 3%.

3.5 Visible photon detection efficiency

As in the VUV PDE measurement, we use the reference SiPMs to predict the photon
flux arriving at the X-ARAPUCA. The reference sensors used (SiPMs 378 and 379) were
placed in front of the light source, the diffuser in this case. No deviation from Gaussian-
shaped distributions in the charge of the X-ARAPUCA or the SiPMs was observed.
This is expected: the laser-diffuser combination is a point-like source in our setup. The
diffuser emission is not isotropic but follows a curve close to a cosine law provided by
the manufacturer [147] (see Figure 3.19). The precise intensity histogram was fed to G4
as input to estimate the number of arriving photons at each sensor. The geometrical

factor for the visible case is:

Feeovis = 38.3 + 1.1
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Figure 3.19: CCSA1 cosine corrector normalized intensity (blue) with respect to the
angular aperture. The red line indicates a pure cosine law. The expected relative
intensity at each reference SiPM is indicated with circular markers. The angular region
seen by the X-ARAPUCA is shown in purple.

The PDE of the reference SiPMs to the visible (420 nm) light is:

PDES ™ = 21.02 4 0.44%
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The measured charges for the reference SiPMs 378 and 379 and the two X-ARAPUCA

configurations are summarized in Table 3.8.

Sensor OV [V] | (Q) [PEs]
Reference SiPM 289 & 290 | 3.5 193 £+ 2
3.25 63.0 = 0.5
Onsemi X-ARAPUCA 4.25 81 + 1
5.75 124 £ 1
Reference SiPM 289 & 290 | 3.5 363 £ 3
2 121 £ 1
Hamamatsu X-ARAPUCA | 2.5 139 £1
3 155 £ 2

Table 3.8: Mean charge measured from the laser high intensity runs for the two X-
ARAPUCA configurations tested and the reference SiPM 378 and 379 in front of the
diffuser that calibrate the light flux.

3.5.1 Angular dependence

For coated units, the VUV light is converted to visible photons isotropically in the
X-ARAPUCA surface through the pTP coating, making the PDE independent of the
angle of incidence (AOI) of the incoming photons. The visible case is different, as no
conversion is involved. The cutoff wavelength of the dichroic filters depends on the AOI
of the incoming photons. This is shown in Figure 3.2 where the AOI dependence in
the filters transmittance is superposed to the TPB emission spectrum. To model this
dependence, the angular distributions of photons arriving to the X-ARAPUCAs at the
CIEMAT setup and the expected at SBND (from the TPB WLS foils) were estimated
through G4 simulations.

First, the transmittance values at 420 nm for different AOIs (Figure 3.2) were fitted
to a sigmoid function to extract the angular dependence of the transmittance T(AOI)
(Figure 3.20 ). Then, from the CIEMAT lab measurements, the PDE as a function of the
AOI was estimated assuming that the PDE is proportional to the transmittance: PDE
ox T(AOI) at the 420 nm peak. Since the filter’s transmittance was measured in air,
Snell’s law was used taking into account the difference in refraction indexes (§3, . =1.23)

[148, 149] to extrapolate the curve from air to LAr.

Finally, using the angular distribution expected at SBND from the dedicated simulation
(Figure 3.21), a mean value of the visible PDE for the coated units in SBND can be
derived. The SBND simulation incorporates the reflectivity of the stainless steel of the
field cage, as well as the shadowing caused by the TPC wire planes. 20 million visible

photons following the TPB emission spectrum were produced in the middle of the SBND
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Figure 3.20: Sigmoid fit to the 420 nm points modeling the transmittance as a function
of the AOI. Notice that for AOIs> 45° the filter is opaque to most of the TPB re-
emitted light. The fit to the measured points in Air is shown with dashed lines, and
the extrapolation to LAr with solid black line.
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Figure 3.21: Angular distribution of visible photons arriving at the X-ARAPUCA
window at SBND (blue) and CIEMAT setup (orange). The estimation of the SBND
distribution includes the effects of the shadowing from the wire planes and the mesh
grid between them and the PDS sensors.

detector, where the TPB foils are located. For any photon hitting an X-ARAPUCA

surface, the AOI was recorded.

The measured PDE values at CIEMAT setup are shown in Figure 3.22 and Table 3.9.
The results are in agreement with the trend for the VUV PDE: Onsemi SiPMs have
comparable values at the higher OVs. Both Onsemi and Hamamatsu X-ARAPUCAs
have low values as these units are not intended for visible light detection, unlike the

uncoated units. The extrapolated PDE as a function of the angle of incidence reaches a
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plateau around 1.2 % for AOIs close to 0. The mean value expected at SBND is bigger
(~ 0.4%) than the value at the CIEMAT setup, as the expected mean angle of incidence
is smaller than the one at CIEMAT setup.
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Figure 3.22: PDE at the CIEMAT setup (orange square) for the coated Onsemi X-
ARAPUCA at an over-voltage of 5.75 V, extrapolation as a function of the angle of

incidence (black) and expected mean value at SBND (blue square). The error band is
extrapolated from the values obtained at CIEMAT setup.

PDE at 420 nm [%)], | L DF at 420 nm [%],

Sensor type OV [V] CIEMAT setup extrapolated to the
AOI at SBND

2 0.20 £ 0.01 0.36 4+ 0.02
Hamamatsu X-ARAPUCA | 2.5 0.23 + 0.02 0.41 + 0.03

3 0.25 4+ 0.02 0.45 £+ 0.03

3.25 0.17 £ 0.01 0.30 + 0.01
Onsemi X-ARAPUCA 4.25 0.19 4+ 0.01 0.34 £+ 0.01

5.75 0.24 4+ 0.01 0.43 £ 0.02

Table 3.9: Summary of the obtained PDE values at 420 nm for both X-ARAPUCA

units in liquid argon.

Ongoing measurements, beyond the scope of this thesis, are being performed to charac-

terize the uncoated units with the same setup geometry.



Chapter 4

Light simulation and

reconstruction in SBND

The photon detection system is essential for achieving a good performance in a LArTPC
detector. From event triggering to complementary calorimetry and background rejection
capabilities, a proper understanding and modeling of the light generation, propagation
and readout is vital for any modern LArTPC detector. In this chapter, the main ingre-
dients of the SBND simulation framework are discussed, focusing on the production of

the LAr scintillation light and its detection with the X-ARAPUCA sensors.

4.1 Light simulation

In SBND, all the simulations are carried out within the LArSoft package [150, 151].
LArSoft is built upon the art framework developed for event-processing at Fermilab
[129]. LArSoft allows for both data analysis and Monte Carlo simulations to be processed
using the same tools and algorithms with a common framework. The initial particles are
produced by particle generators. The generators compute their positions and momenta

at a given time. Each generator specializes in a different particle source:

e SM neutrino interactions are simulated using the GENIE software [152]. The GE-
NIE tuning used is the AR23_201, a baseline model for SBN and DUNE oscillation

analysis (see [153] for more details).

e The cosmic muons are modeled with CORSIKA [154]. This tool reproduces the
interactions of cosmic rays with the atmosphere and the showers of particles pro-

duced afterwards. The average rate, ~ 130 evts/s/m?, was calibrated using Mi-
croBooNE data [120].

65
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e For Beyond Standard Model searches, the SBN program has developed its unique

event generator, MeVPrtl. A more detailed description is given in chapter 5.

Once the particles are placed in the detector geometry, their propagation and subse-
quent interactions are modeled with Geant4 [85] (Geant4.10.6.p01). For example, they
can collide elastically with atom nuclei, ionize atoms, decay into different particles...
The energy depositions of primary and daughter particles are computed along their tra-
jectories. The full physics list (the processes that the simulated particles can experience)
is based on Geant4’s QGSP_BERT list. This chapter focuses on the production, detec-
tion and reconstruction of light signals. A complete review of the TPC and CRT event

simulation and reconstruction is given in Chapter 6.

4.1.1 Light production and propagation

The number of ionized electrons (Q) and scintillation photons (L) produced by a particle
in a LArTPC are proportional to the deposited energy. The electric field affects the
recombination process decreasing the total amount of emitted photons and increasing
the amount of detected ionization charge, as depicted in Figure 4.1. This phenomenon is
usually referred as anti-correlation [111]. In SBND, ~ 20k photons per MeV of deposited
energy are produced at the nominal drift field (500 V/cm). The specific light yield
depends on the charged particle (see Table 4.1). The relevant parameters of VUV
photons from direct scintillation light are given in Table 4.1. The produced electrons

undergo diffusion and space charge effects described in Chapter 2.
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Figure 4.1: Luminescence intensity (L) and collected charge (Q) as a function of the
applied electric field for liquid xenon, argon and krypton. Picture taken from [111].
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Properties of LAr scintillation light

Fast decay time [ns] (7y,st) 6

Slow decay time [ns] (Tsiow) 1300

Mean group velocity [cm/ns] 13.5

Rayleigh scattering length [cm] 99.9

Particle Tfast Tatio [p}%;%ilﬁls};ﬁjw
Pions 0.23 24000
Muons 0.23 24000
Electrons 0.27 20000
Kaons 0.23 24000
Protons 0.29 19200
Alpha particles 0.56 16800

Table 4.1: Scintillation (VUV) light parameters used in SBND simulations taken from
[87, 89, 108, 155]. Tfqs ratio is defined following equation 2.5 as the fraction of total
light emitted in the fast component: 7Ty, ratio = Agast/(Afast + Asiow)

A complete tracking (full simulation) of each photon would be too CPU intensive given
that reflection, absorption and scattering effects are included. Previous LArTPC exper-
iments such as MicroBooNE, developed the use of optical libraries [156]. These lookup
tables are produced dividing the detector in small voxels (typically 5 x 5 x 5 cm?)
and running a complete tracking simulation for each voxel. A high number of photons
(~ 5 x 10°) is thrown per voxel. From the number of photons arriving at each sensor
we compute the visibility (fraction of detected photons). Once the library is produced,
fast simulations simply look up the visibility tables to determine the amount of detected

light generated by the particle along its trajectory.

Photon libraries scale with the detector volume and depend on the voxel size. Their
high memory use O(GB) and lack of time transport effects are a concern for next gen-
eration LArTPCs such as DUNE. To address these issues, an alternative semi-analytic
model was developed [157]. This approach takes advantage of the isotropic emission of
scintillation light. At first order the number of detected photons (Np) is proportional
to the solid angle that the aperture of the photodetector subtends. After comparing
the number of photons obtained from a full G4 simulation (Ngeant4) and the analytical
estimation using the solid angle (Ng), corrections to the analytical model can be applied

using Gaisser-Hillas (GH) functions [158] of the form:

dmax*do
d - dO A dmax—d
é A

H i :me
¢ (d’GZ) : (dmax_do



Light simulation and reconstruction in SBND 68

with dp, A free parameters describing the width of the distribution and Ny, the maxi-
mum of the function located at dyax (in our case dyax ~ 100 cm). Figure 4.2 shows the
ratio between the number of photons derived from a pure geometric assumption and the
Geant4 estimations with a full simulation including scattering effects, reflections, etc for
a SBND-like geometry [157]. For each bin in the offset angle 6; (see Figure 4.2-Left) a
fit to equation 4.1 is performed, estimating the free parameters. Then, the total number
of photons can be estimated simply by correcting the prediction from the analytical
method (Ng) by:

Np = Nq x GH(d,0;)/ cos(0). (4.2)
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Figure 4.2: Left: cartoon exemplifying the offset angle # from the normal of the
scintillation point to the PDS plane. Right: Relation between the number of Geant4
simulated photons on the PDS and a pure geometrical estimation of the photons based
on the solid angle subtended by each PD sensor for different offset angles. Figure taken
from [157].

Time transport effects are modeled with a composite Landau + Fzponential function
for direct (VUV) light (¢;):

1 1 c+1i00
t(z) = Ny 2 / ePstslogs gs | NyehT | (4.3)
527” c—100 Ve
Exponential
Landau

where p = (x — p)/&, p and £ are the most probable value and width of the Landau
function, x is the (negative) slope of the exponential and Nj o are normalization con-
stants. The value of these parameters is obtained by fitting the function to the time

distribution obtained with a full Geant4 simulation. For the reflected visible light (),
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an empirical formula approximates the distribution:
ts =t+ (t —ty)[exp(—7In(x)) — 1]. (4.4)

with t5 the smeared arrival time, 7 a smearing factor,  a random number between 0.5
and 1 and ¢y the fastest possible arrival time (calculated geometrically). The 7 factor
is fixed fitting the distribution in Equation 4.4 to the obtained with the one generated

with a full Geant4 simulation.

The semi-analytic model can only be used for light produced inside the TPC active
volume (X = [-196.5, 196.5] cm, Y = [-200, 200] cm, Z = [0, 500] cm) due to its geometric
approach, but contributions from outside the active volume may also be relevant. For
example, cosmic muons crossing behind the PDS can lead to fake triggers and affect the
trigger efficiency studies. Thus, a hybrid model is implemented in SBND simulations
with a scaled-down optical library for the light emitted outside the active volume and
the semi-analytic approach inside the active volume. The voxels for the scaled-down

library are 8 x 10 x 10 cm?.

For the case of visible (reflected) light, we need to account not only for the transport
effects but also for the emission spectrum of the TPB. Following reference [155], a four-

exponential shape is assumed with the decay times and abundances shown in table 4.2.

Component Decay time [ns] Abundance [%]

T 6 60
T2 49 30
T3 3550 8
T4 309 2

Table 4.2: Characteristic TPB decay times. Values taken from [155].

4.1.2 Photon detector simulation

After simulating the propagation inside the TPC, an histogram with 1 ns binning is filled
with the number of arriving photons at the active surface of each optical sensor. The
VUV and visible components are stored in separated histograms as the sensor behavior
depends on the wavelength of the incoming photons. The sensor simulation then follows

the same steps for each PDS channel:

1. First, we estimate the number of photo-electrons per arriving photons at each
sensor using the sensor efficiency and random number generators from the CLHEP
library [159]. The efficiencies of the different light sensors to the VUV and the

visible components are summarized in Table 4.3. An additional factor is included



Light simulation and reconstruction in SBND 70

in the efficiency values to correct for the mesh transparency between the wire
planes and the PDS sensors (80%) which is not considered in the simulation. In
addition, the visible component includes a factor (79%) representing the effective

area of the TPB-coated foils over the total CPA plane.

Sensor type & PMT X-ARAPUCA
light component PDE [%] PDE (%]
Coated sensor VUV 12% [160] 219 % !

Coated sensor visible 17% 0.43% !
Uncoated sensor VUV 0% 0%
Uncoated sensor visible  25% [124] 2% [161]

Table 4.3: Photon detection efficiencies for the different optical sensors used in SBND
simulations.

2. Then, correlated noise effects are included for X~-ARAPUCAs. The main effect to

consider is the SiPMs crosstalk, quantified in previous chapter.

3. For each PE, a waveform representing the single electron response (SER) is created.
Variations in the SER amplitude are also included. For the PMTs, they are based
on fluctuations at the first PMT dynode and follow a Poisson distribution (see
Figure 4.3). For the X-ARAPUCAs they are characterized from the analysis of
cryogenic test data available described in the next pages. To minimize the cables
and allow high-voltage application, SBND PDS sensors are AC coupled. This
means that the SER signals are bipolar and integrate to zero. This can be seen in
Figure 4.3 for the PMT (Left) and X-ARAPUCA SER (Right).

4. Signals due to dark current (uncorrelated noise) are added. Dark current noise is

modeled following a uniform distribution.

5. White Gaussian noise caused by the ADC with an RMS of 0.65 (2.6) ADCs is
summed to the X-ARAPUCA (PMT) waveforms. The values are extracted from
the ADC manufacturer especifications [142].

6. ADC dynamic range is simulated. For X-ARAPUCAs readout (CAEN V1740),
that means the ADC values must be between 0 and 4096 (12 bit digitizer), while
the PMTs ADC (CAEN V1730) range (14 bits) goes from 0 to 16384.

The relevant parameters of the PMT and X-ARAPUCA sensor simulations are sum-
marized in Table 4.4. For simplicity, all X~-ARAPUCA units are simulated as Onsemi
X-ARAPUCAs (176 out of the total 192 units). The next pages describe in detail the
key components of the X~-ARAPUCA sensor simulation.

Values for the (Onsemi) X-ARAPUCA coated units PDEs are estimated in Chapter 3.
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Figure 4.3: Left (Right): measured PMT (X-ARAPUCA) single electron response
(SER). The amplitude fluctuations 22% (10%) are also shown in gray.

Parameter PMTs X-ARAPUCAs (Onsemi)
Crosstalk [%] - 42.4

Dark current [Hz] 1000 10

ADC noise RMS [ADC] 2.6 0.65

ADC sampling [MHz] 500 62.5

ADC resolution [bits] 14 12

SER amplitude [ADC] 26 8

SER undershoot/Overshoot [%] 1.8 18.4

ADC saturation [PEs] 630 512

Amplitude fluctuations [%] 22 10

Table 4.4: Parameters for the simulation of PMT and X-ARAPUCA sensors. Values
taken from the official SBND MC simulation [162], sbndcode v09_-88_00-02.

Time response effects

A spread of the PMT transit times (from the PMT photocathode to the anode) of 2.4

ns width following a Gaussian distribution is also simulated.

The time response of the coated X-ARAPUCA units to VUV light is modeled with
dedicated Geant4 simulations that include the pTP emission time 7,Tp = 1.14ns, and the
inner WLS bar decay time (mgj.286 = 1.2ns) [132, 161, 163]. For the visible component,

no bar response is simulated as the EJ-286 bar is transparent to the 420 nm light.

For uncoated X-ARAPUCAs, a single exponential decay to account for the EJ-280 bar
(TeJ-280 = 8.51s [132]) is used. The absorption and emission spectra of the Eljen bars

are shown in previous chapter in Figure 3.3. Their specifications can be found in [132].
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Time transport effects inside the SBND X-ARAPUCAs are below 1 ns given the rela-

tively small dimensions of the units (20 cm long).

Single electron response characterization

The template for the X-ARAPUCA SER and the estimations for the SER amplitude
variation are extracted from the analysis of cryogenic tests performed at Fermilab [164].
The setup included one of the 4 SiPM boards of an X-ARAPUCA equipped with 8
Onsemi SiPMs. The board within a cryocooler was illuminated with a blue LED (see
Figure 4.4).

d;!'. i

G

Figure 4.4: Left: cold test setup with two SiPM boards at Fermilab. In the final setup,
one SiPM board was connected, and the LED (top of the frame) was re-positioned to
point directly to the board. Right: Zoom-in of board-copper connection.

From the charge histograms of calibration data the first few photo-electrons were iden-
tified and their average waveforms computed (Figure 4.5-Right). The variation (o) in
the amplitude of the SER (1) was found to be 10% assuming a Gaussian distribution
(Figure 4.5-Left).

The normalized SER shape from cold data shown in Figure 4.5-Right was fitted to the

3 exponential formula:

(t—tpeak)/T1 t <t
€ = Upeak
vty =4 | R (4.5)
me_( - peak)/T2 — me_( - peak)/T3 t> tpeak
to have a continuous parametrization. The original data was taken with a prototype

based on the Mu2e electronics (80 MHz digitizer) [165] and was resampled to meet the
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Figure 4.5: Left: Amplitude spectrum of calibration data from Fermilab test-stand
and Gaussian fit to the first photo-electron. The variation in amplitude is found to
be 10% of the total amplitude of the SER. Right: average waveforms from consecutive
peaks. The amplitude of the undershoot was found to be approximately 18% of the
total signal amplitude.

62.5 MHz of the CAEN V1740. The constant A is fixed by the bipolar condition (the

total charge of the pulse must be equal to zero):

T + T2
T1—|—7'3.

A= (4.6)

Finally, the effect of 12.2 meters of CAT6 cable is included. The cable has a capacitance
of 46 pF/m and an impedance of 100 2. Thus, a single exponential with a decay constant

of 7 =R x C = 56 ns was convolved with the best fit from Eq 4.5.

The resulting SER shape is used in SBND simulations and shown in Figure 4.3-Right.
The undershooting of the signal is around 18% of the maximum amplitude with a deep
trough 1 ps after the pulse start. The undershooting poses a technical difficulty to
estimate the charge and arrival time. Figure 4.6 shows how PEs in the scintillation tail
are ‘hidden’ under the main undershoot caused by the prompt light. The reconstruction
workflow developed to recover the original time profile from PDS waveforms in SBND

is discussed in detail in the next section.

4.2 Light reconstruction

The original photon distribution that arrives at each sensor is distorted by the PDS
response and induced effects: noise, saturation... Before putting together the information
from different PDS channels it is desirable to process the raw signals, recovering as much

as possible the original distribution. After the processing, we identify light depositions
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Figure 4.6: Raw simulated X-ARAPUCA waveform of scintillation light in liquid
argon (corresponding to ~ 35 PEs) produced by a neutrino interaction in SBND (blue)
and baseline (red). The time ¢t = 0 corresponds to the moment when the first proton
bunch of the BNB reaches the beryllium target.

(optical hits) in each optical channel and cluster them forming optical flashes which

represent an event detected by the PDS. This workflow is illustrated in Figure 4.7.

Slgnall?roc'essmg Hit Finding Slgnalcl'uste.rln'g
Gaussian filter + . . . Group optical hits in
. Identify optical hits in .
deconvolution on raw multiple channels:
processed waveforms )
waveforms optical flashes

Figure 4.7: Scheme of the different stages in the light reconstruction chain, starting
from the measured raw waveforms and finishing with the optical hits and optical flashes
(clusters).

4.2.1 Signal processing

LArTPC experiments have long been employing signal processing techniques. Deconvo-
lution methods for TPC signals were pioneered by ArgoNeuT and MicroBooNE collab-
orations [166] to estimate the underlying charge distribution from wire signals. Notably,

TPC induction wire planes face similar challenges as their signals are also bipolar.

If we assume a linear response of the light sensor r(t) to the original signal distribution

s(t), the final raw waveform is the convolution of both:

f(t) = s(t)=r(t) = /Oo s(t)r(t —7)dr (4.7)

f(t) = s(t) *r(t) Z F(w) = S(w)R(w) (4.8)
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where F denotes the Fourier transform. In addition, real data include background and
electronics noises n(t). The measured signal is then distorted: f(t) = s(t) x r(t) + n(t).
In these cases, a filter g(t) is usually applied. Following the convolution theorem, we

can express the original signal distribution as:

s(t)=F! {G(w)FEZ;} : (4.9)

Y

with F~! the inverse Fourier transform. In numerical applications, the Fast Fourier
Transform algorithm is implemented [167] to speed up computations. The choice of the
filter depends on the differences between the expected signal and noise distributions.

One common choice is the Wiener filter [168]:

o ISEIPIRW)P
Cwiener () = [0S PRI + [N (@) P

(4.10)

which has a simple interpretation in the frequency domain: it suppresses the regions
where the noise, |N(w)|, is comparable or bigger than the signal (G(w) — 0) and do
nothing otherwise G(w) — 1. The Wiener filter minimizes the mean square error [169].

Another option is the Gaussian filter:

2
e (E) ,we >0
GGauSSian(W) = ¢ (411)
0 , we =0,

[

effectively, a low-pass filter with a cut-off frequency w.. The Gaussian filter is simple
and straightforward to apply once the cut-off frequency has been fixed. The Wiener
filter has better signal to noise ratio but may introduce artifacts in the signal tails (see
Figure 4.8-Right).

In the SBND approach, the Wiener filter for a single photo-electron waveform is first
constructed, and then a Gaussian function is fitted to it (Eq 4.11). From the fit, the
selected cut-off frequency w, is set. The result is shown in Figure 4.8-Left for the X-
ARAPUCA system. The Wiener filter requires a hypothesis of the noise spectrum N (w).
In the SBND case, we assume a white Gaussian noise with an RMS of 2.6 and 0.65 ADC
counts for V1730 (PMTs) and V1740 (X-ARAPUCASs) models respectively.

After the filtering, we deconvolve, subtracting the detector response from the waveforms.
The process is illustrated in Figure 4.9: first, using the scintillation photon distribution

arriving at each light sensor raw signals are simulated. After filtering and deconvolving
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Figure 4.8: Left:

Wiener filter and fitted Gaussian filter for the simulated noise

distribution in SBND X-ARAPUCA channels in the frequency domain. Right: Filters
response function in the time domain. The wiggles for the Wiener filter are visible in

the tails.

the detector response, hit-finder algorithms described in next section are applied to

identify the main peaks.
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Figure 4.9: Left (Right):
ARAPUCA) channel (green).
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and deconvolved signal (orange) with the sensor response subtracted. Notice how the
signal processing removes the overshooting (undershooting) in the scintillation tail. The
time ¢t = 0 corresponds to the moment when the first proton bunch of the BNB reaches

the beryllium target.

4.2.1.1 Hit finding

From the scintillation light signals (see Figure 4.9) single energy depositions or optical

hits can be identified. An optical hit is described by its total charge, PDS channel and the

times associated to the rise and maximum amplitude of the pulse. The baseline is first
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subtracted using the initial 400 ns or 200 (25) initial ticks in the PMT (X-ARAPUCA)
signal window. Then, a sliding window algorithm searches for regions above 1/4 of the
total SER amplitude and 3 times the standard deviation of the baseline. The baseline
must be recovered before starting a new hit. For this reason, part of the slow component
is usually merged in a single optical hit. The results of the hit finding stage are shown

in Figure 4.10 for a simulated X-ARAPUCA scintillation signal.
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Figure 4.10: Performance of the optical hit finder algorithm on a simulated and
deconvolved X-ARAPUCA waveform. Four optical hits are identified. The fast and
part of the slow component are merged in the first hit.

Optical hit time

For the PMTs, the rise time of the optical hit is taken as the first bin that surpasses a
15% of the maximum amplitude in that hit. In the X~-ARAPUCA case, a finer tuning is
needed since the peak spreads is dozens of nanoseconds and the ADC sampling frequency
is slower. Following the example of MicroBooNE [83], we can achieve timing resolutions
below the sampling frequency using the information from multiple bins of the waveform
with the proper fit function. For deconvolved X-ARAPUCA signals, different approaches
were tested: linear, exponential and Gaussian fits to the deconvolved pulse shape and

its derivative. A Gaussian fit to the first pulse peak was found to be the best method.

The difference between the photon arrival time at the PDS sensor and the reconstructed
optical hit times are shown in Figure 4.11 with a global 5.9 ns time resolution. For the
PMT system, using the rise time of the waveform, the overall optical hit time resolution
is found to be 1.6 ns [127]. A delay bias of approximately 10 ns between the optical hit

time and the true time of the first photon is also observed.
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Figure 4.11: Time difference between the optical hit time and the first arriving photon
in that X-ARAPUCA channel.

Better timing resolutions could be achieved through the analysis of raw waveforms as
deconvolution spreads the signal to neighbor bins. However, the deconvolution approach
is key to make precise calorimetry estimations, and therefore, achieving a good matching

when comparing with TPC signals.

4.2.2 Signal clustering

In SBND, interactions depositing more than 30 (5) MeV are expected to leave light
signals on multiple X-ARAPUCA (PMT) channels. Because light propagates in the
nano-second scale, a simple approach that clusters optical hits from different channels
in time coincidence is chosen. Optical flashes can be formed by hits from PDS channels
in the same TPC if they surpass a fixed charge threshold. The relevant parameters
are summarized in Table 4.5. To start a flash candidate, a minimum of 6 PEs by
at least 4 optical channels channels is required in a short time window: 10 and 30
ns for PMTs and X-ARAPUCAs respectively. This algorithm is illustrated in Figure
4.12. The top histogram shows the time of the hits in each channel, with the color
palette representing the number of PEs. A histogram with the binning equal to the time
interval for coincidence (10ns) shows the accumulated number of PEs in all channels.
Bins colored in blue also satisfy the multiplicity condition (more than 3 channels with
hits in the time interval for coincidence). If at least a total of 20 PEs are deposited
in the following 8 us, a flash is claimed. During a flash window, no other flash in the
same TPC can start (veto-window). The 8 us window captures the late light from the

scintillation tail, and prevents missing late signals of Michel electrons from muon decays.
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Figure 4.12: Scheme of the OpFlash finder algorithm [127]. The dotted orange (solid
green) horizontal line represents the OpFlash length (fast emission) window. In solid,
the histogram in blue (OpFlash X-axis projection) represents the time intervals that
satisfy the multiplicity condition. The minimum number of PEs per optical channel to
claim a flash is shown in pink.

Once the flash is formed, a total charge and a time is assigned to it. The charge of the
flash is the sum of the charges of the hits contained in it. Extra information can be

obtained by considering the charge spatial distribution in the different PDS sensors.

The time of an optical flash tg., is an estimation of the interaction time ti,. For
the PMT subsystem, a "hot spot” algorithm is used. First, a 30 ns window is opened
around the interval with the largest number of PEs in the flash. Then, the flash time
(taasn) is taken as the average of the optical hits with the highest number of PEs that
collectively contribute 50% of the total light in that interval (tng). For X-ARAPUCAsS,
with a lower light yield, an extra bias that depends on the drift distance was observed
applying this method. For this reason, the average of the 10 first optical hits (tpp) is
computed. Because tpp only depends on the initial hits in a flash, it usually outperforms
tgs. However, in some cases the scintillation tails from other particles and dark-current
signals can bias the first optical hits in flashes from neutrino (approximately 1% of the
total flashes). To overcome this issue, the tg,qn is taken as tpp if both estimations are

sufficiently close and tyg (less precise but more robust) otherwise:

tr, if |tFH_tHS‘ < 16 ns
X A-flash = (4.12)
tus, else.
In the next section the charge, spatial and timing reconstruction performance of the
reconstructed flashes are evaluated using simulated BNB interactions with cosmic ray

backgrounds.
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Parameter Value
Flash candidate minimum number of PEs 6 PE
Minimum number of optical channels in coincidence 4 ch

Time interval for coincidence (PMT / X-ARAPUCA) 10ns / 30ns
Flash total PEs threshold 20 PE
OpFlash length 8 s

Time window for tg 30ns
Veto-window 81s

Table 4.5: List of OpFlash parameters used in the SBND reconstruction workflow.

All the parameters but one, the time interval of the starting flash window, are shared
by PMTs and X-ARAPUCAs.

4.3 Light reconstruction efficiency

To evaluate the performance of the workflow described in the previous section a sam-
ple of 30,000 simulated BNB neutrino events with cosmic rays overlaid in SBND was
produced. For each neutrino event, an average of 10-15 cosmic muons cross the TPC
leaving light signals during one SBND drift window (1.3 ms). Only events with >5
MeV of deposited energy in the detector are considered. On average, less than 1 (2)
X-ARAPUCA (PMT) waveform is saturated per event (see Figure 4.13-Left). The sat-
urated signals are removed from the analysis as it affects the pulse shape and hence the

deconvolution result (Figure 4.13-Right).
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Figure 4.13: Left: Saturated X-ARAPUCA channel distribution for the simulated
BNB and cosmic sample. Right: saturated waveform before (black) and after (blue)
signal processing. The shape of the filtered waveform is visibly distorted.

An interaction that occurred at ti,; is said to be reconstructed if there is a nearby flash
that satisfies: |tint — faash| < 100 ns. Events with few MeVs or energy depositions
away from PDS sensors might not trigger enough channels to produce a flash. Figure
4.14 shows this energy (Left) and drift (Right) dependence of the flash reconstruction
efficiency. An overall reconstruction efficiency of 92.2% and 95.8% for the X~ARAPUCA
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and PMT system respectively is achieved. The truth drift variable (dg.ig)™M© represents
the average distance of the energy depositions along the X drift coordinate. For example,
depositions at the center of the detector (X = 0) correspond to a distance <ddrift>MC =

200 cm.
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Figure 4.14: Reconstruction efficiency of X~-ARAPUCA optical flashes for the sample
of BNB neutrino interactions with cosmic rays overlaid as a function of the deposited
energy (Left) and averaged drift distance (Right). The distribution is a convolution
of the neutrino (red histogram) and cosmic spectra with the detector acceptance. The
bump around 1000 MeV is due to crossing-muons in the detector volume.

4.3.1 Calorimetry resolution

For the matched flashes, the number of reconstructed photo-electrons from the clustered
optical hits, PE™, and the total number of arriving photons at each sensor multiplied
by the sensor PDE, PEMC  are compared. For the X-ARAPUCA case, the crosstalk
effect is also corrected. A bias below 1% and a resolution better than 6% are achieved
for X-ARAPUCA channels with more than 250 PEs, as shown in Figure 4.15-Right. In
the PMTs case, with higher collection efficiencies, saturation and non-linearity effects
appear in channels with more than 3000 PEs. A deficit of up to 10% in the collected
charged is observed for PMT channels with more than 8000 collected PEs (Figure 4.15-
Left).

For neutrino events, each flash deposits an average of 36 PEs in X~ARAPUCA channels
with light signals (see Figure 4.16). However, the PE™ distribution peaks around 5-6
PEs with a long tail and a few channels with more than 1000 PE. Less than 1% of the
X-ARAPUCA channels have more than 340 PEs per optical flash. This further confirms
that the contribution from saturated signals is negligible since at least 500 simultaneous

PEs are required to fill the dynamic range of the ADC.
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Figure 4.15: Left (Right): Reconstructed number of PEs from all OpHits within an
OpFlash, and fractional bias and resolution (= StdDev), as a function of the total
number of simulated PEs within one PMT (X-ARAPUCA) channel.
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Figure 4.16: Distribution of the number of PEs per X~-ARAPUCA channel within a
neutrino flash and zoom to the low PEs region: a mean of 36 PEs per channel and flash
is expected. The distribution has a long tail, the most probable value (mode) is 6 PEs
per channel. Some events deposit up to 1,000 PEs in a single channel.
4.3.2 Detected light yield

Each neutrino flash contains a total average of 3500 PEs in all X~-ARAPUCA chan-
nels. The total light yield in the X-ARAPUCA system is expected to be 7.7 PE/MeV.
However, the amount of collected light strongly depends on the location of the energy de-

positions. This is shown in Figure 4.17: the number of detected PEs decreases in regions
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Figure 4.17: X-ARAPUCA system detected light yield maps for the lateral-PDS
plane (Left) and top (Right) views of the detector. The location of the X-ARAPUCA
sensors is shown with red dots (Left). The beam direction is shown with a dashed white
line (Right), the PDS planes are located behind the wire planes (X = £200 cm).

close to the borders and corners of the active volume (Figure 4.17, Left), and also as
we move away from the PDS sensors in the drift direction, X (Figure 4.17, Right). The
TPB coated foils convert VUV photons to visible wavelengths, increasing by more than
a factor of two the light yield in the middle of the detector (X=0). Figure 4.18 shows
the light yield in the drift direction (X) for the coated and uncoated X-ARAPUCA
units. The contribution of the uncoated devices represents more than 20% of the total
collected light for drift distances bigger than 75 cm, and is the main component in the
175-200 cm range.

In the PMT case the contribution from the visible light is more significant, as all coated
and uncoated units are sensible to the visible photons. The detected light yield for the
PMT system varies from 170 PEs/MeV near the anode planes to 100 PEs/MeV at the
center of the detector, where more than 70% of the detected light comes from the visible

component [127].

4.3.3 Position resolution

Z and Y coordinates

Thanks to the high density of light sensors, the beam (Z) and vertical (Y) directions
can also be estimated with light information. To reduce border effects, only the most

illuminated channels are used. The Z or Y coordinate is taken as the weighted mean of
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Figure 4.18: Left (Right): Total PMT (X-ARAPUCA) light yield as a function of the
averaged drift distance in blue. The contribution from uncoated units is shown in red.

the 15 channels with the highest number of PEs, each channel weighted with the number
of measured PEs. The results of this procedure are shown in Figure 4.19 for the Z (Left)
and Y (Right) coordinates. An almost flat resolution is achieved. In both coordinates,

the bias grows for energy depositions closer to the detector sides.

The PMT system uses a similar algorithm, only keeping sensors with at least 80% of
the channel with the highest number of PEs for each row or column. The observed bias
shows a similar trend with deviations from zero appearing for distances closer than 100

cm to the detector border [127].
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Figure 4.19: Resolution (gray triangles) and bias (blue circles) of the X-ARAPUCA
system in the Z (Left) and Y (Right) directions for simulated BNB neutrino interactions.

Drift coordinate

The decrease and increase of the VUV and visible components, respectively, with the
drift distance allows us to estimate the drift coordinate using only light information.

ratio is defined as the fraction of visible light to total light collected:

The nX—ARAPUCA

200




Light simulation and reconstruction in SBND 85

. _ Z PEuncoated
X-ARAPUCA = SA PR ated + 3 PBuncoated

(4.13)

The visible contribution varies from 5% close to the wire planes (drift equal to 0) to
more than 60% of the total light yield at the middle of the detector. The calibration
curve for the 7y ,papucs Parameter was obtained from a simulated sample of cosmic
muon tracks contained in narrow (10 cm) slices along the drift (see Figure 4.20). These
muon tracks in SBND data can be selected using the CRT system, which can trigger on

these topologies with a resolution under 2 cm.
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Figure 4.20: Calibration curve (black markers) for the 7y . pycs Parameter. The

vertical lines represent the dispersion in the vertical axis. A custom sample of cosmic
muons parallel to the beam direction was used to produce the curve (grey points).

The drift coordinate is then computed as it follows:

10, n < 0.05
darite (cm) = § darire (), 0.05 <7 < 0.61 (4.14)
190, n>0.61

where dqit(n) is the linear interpolated value obtained from the curve of Figure 4.20.
Following formula 4.14, the drift coordinate was estimated for the complete BNB neu-
trino dataset (Figure 4.21). An overall resolution of 20.4 cm with a -4.6 cm bias was
obtained. The resolution is mainly limited by the light yield, improving up to 16 cm
for events with more than 500 MeVs of deposited energy. The bias however is highly
dependent on border effects, for example, when the mean deposited energy is close to

the light sensors (drift < 50 cm) or far away from them (drift > 150 cm). The PMT
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system achieves resolutions in the drift distance in the 10-15 cm range, and a slightly

smaller bias [127].

The overall resolutions and biases for the three spatial directions are summarized in
Table 4.6 for the X~-ARAPUCA flashes while similar numbers were obtained for the PMT
optical flashes [127]. For all three coordinates, resolutions below 30 cm were obtained.
The bias is affected by border effects while the resolution in the drift direction is mainly

limited by the total light yield of the event.
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Figure 4.21: Bias (blue circles) and resolution (gray triangles) of the drift distance
estimation using the 7y ,n.puca Darameter.

Coordinate | Bias [cm] | Resolution [cm)]
X (drift) 4.6 20.4
Z (beam) 17.7 27.3

Y (vertical) 18.7 18.9

Table 4.6: Overall geometric resolution for the three space coordinates using X-
ARAPUCA light flashes.

4.3.4 Timing resolution

The flash time is computed following Equation 4.12. The difference between the truth
and reconstructed interaction times (A, = tfash — tint) 1S shown in Figure 4.22 as a

function of the drift distance. Three different regions can be identified:
a) The VUV dominated region: where direct scintillation light arrives first at PDS
sensors. The time delay increases approximately linearly with the drift distance.

b) The intermediate region: near the turning point. In this region the direct VUV

and the reflected visible light components arrive at the PDS at similar times.
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c) The visible dominated region: where first arriving photons come from the visible
component. In this region the delay decreases as the distance of VUV photons to

the TPB-coated reflective foils in the cathode shortens.
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Figure 4.22: Time difference between the reconstructed optical flash time and the
true interaction time, as a function of the drift distance. The error bars represent
the standard deviation in each drift bin. The scheme on top represents the two light
sources in SBND: the VUV light (blue) produced by an interaction (orange star) is
either collected at the PDS (behind the anode planes) or re-emitted in the cathode to
visible wavelengths (red). The gray line marks the turning point where visible light
starts arriving prior to direct VUV light.

The produced optical hits and subsequent flashes are affected by different timing delays.
First, to reconstruct the original interaction time, the time of flight of the photons from
the emission point to the PDS sensors (ToF,) must be subtracted (see Figure 4.23).
The first photons arriving at SBND photosensors will travel almost perpendicularly to
the PDS plane. The SBND coordinate system (see Figure 2.22) has the origin in the
cathode plane (X = 0). The PDS sensors are at a drift distance Xppg = 213 cm from
the cathode plane. Defining the turning point as:

XpDs VQ@%
Xy = UL ) (4.15)
2 Varou
with Vfg@‘g};) = 13.5 nm/s ,ngggup = 23.9 nm/s. We can then estimate the corrected

optical flash subtracting the photons time of flight (ToF,) time as:

T XPDS - <Xreco>
OpFlash — W
Vgroup

if <Xreco> > XT,

TOpFlash — (416)

X XpDS .
TOpFlash - <<\/\;(€JC\O/> + V\I;’I]SD ) if <Xrec0> < XT-

group group
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This formula requires an estimation of the drift (X;eco) coordinate, obtained using the

ratio of VUV and visible light procedure described in detail in the previous section.

To FV

Figure 4.23: Cartoon depicting the time of flight of an interacting neutrino (dashed
blue), and the produced photons (dashed black) to the PDS sensors (green).

By subtracting the photon time of flight from the initial flash time, a global bias shift of
25 ns is obtained (Figure 4.24-Left). The resolution increases with the energy, achieving
an overall resolution of 6.04 ns including all events with more than 5 MeV of deposited
energy (solid lines in Figure 4.24). After selecting events with at least 200 MeV of
deposited energy and a single flash during the BNB trigger window, the overall resolution
is 4.29 ns (dashed lines in Figure 4.24).
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Figure 4.24: Time bias (blue) and resolution (gray) of the X-ARAPUCA system as
a function of the drift distance (Left) and deposited energy (Right) after correcting for
the photon time of flight. The dashed lines correspond to the selection used to resolve
the BNB bucket structure: only events with more than 200 MeVs of deposited energy
and a single flash during the BNB window are selected.

Resolving the BNB bunch structure

Precise reconstruction of interactions times is a powerful tool to mitigate the back-
grounds from cosmic rays and to look for decays from massive BSM particles arriving
later than Standard Model neutrinos [83]. To recover the original bunch structure of

the BNB (detailed in chapter 2), the propagation of the neutrinos inside the detector
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must be accounted for. This is because 5 meters in the beam Z direction represent a 17
ns difference between neutrinos interacting at upstream (Z=0) and downstream (Z=500
cm) walls. The space between BNB bunches (~19 ns) is comparable. This is depicted
in Figure 4.25 where the time of flight of the first five neutrino bunches is represented

as a function of the beam distance (Z).
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Figure 4.25: BNB neutrinos time of flight from the creation to the interaction inside
SBND as a function of the beam (Z) direction for the first five bunches.

The width of the bunches is smeared by the decay time of the parent meson. The effect
depends on the energy of the neutrino and is below 2 ns. Neutrinos take a minimum
time of 367 ns to travel from the BNB beryllium target to the SBND upstream wall.
Because of the energy dependence of the time resolution, only neutrino events with more
than 200 MeV of deposited energy and a single flash during the BNB window have been

considered.
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Figure 4.26: True neutrino arrival time at SBND upstream wall (gray) and inter-
action time in the detector volume (blue) using X-ARAPUCA optical flashes. The
reconstructed distribution after correcting for the neutrino and photon time of flight
is shown in black. There is an overall delay shift of approximately 25 ns in the recon-
structed time estimation.
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The reconstructed structure after correcting for the propagation of the neutrino (using
only light information) inside the detector is shown in Figure 4.26. The truth neutrino
times at the upstream wall conserve the bunch structure while the interaction times
inside the detector (blue) are smeared by the time of flight of each neutrino inside
the detector volume. An overall shift to the right is observed in the reconstructed

distribution (black), which corresponds to the 25 ns delay from Figure 4.24.

An overall resolution can be estimated by subtracting the bunch time (tll\g/ll\(?B Bunch) O
the reconstructed time t°°° (the flash time after subtracting the neutrino and photon
ToF), and merging the 81 bunches into a single peak. A Gaussian fit is then applied to
the resulting distribution (Figure 4.27) finding an average 24.48 ns bias and a 3.05 ns
resolution. Subtracting the intrinsic width of the BNB proton bunches (opng) = 1.31

ns [82], an intrinsic 2.76 + 0.04 ns resolution is found in this analysis.

u=24.48+0.04 [ns]
2000 - 0= 3.05%0.04 [ns]
1 Allv's
--- Fit
¥ 1500
C
Q
>
2 10001
H*
500
0 T T T T

10 20 30 40
MC
t5°°-teNB Bunch [NS]

Figure 4.27: Neutrino interaction times of the BNB bunches merged into a single
peak after correcting for both the photon propagation and the time of flight of the
neutrinos inside the detector.

These results demonstrate the capability of the X-ARAPUCA system to resolve the
BNB bucket structure. While the algorithms presented here are simple and robust,
more refined methods can enhance the final performance. A simple 1D convolutional
neural network model trained with the 20 nearest time samples to the first waveform
peak showed a preliminary improvement on the optical hit timing resolution up to 4
ns. The flash time determination can be enhanced by using the PDS sensors position

explicitly.

Applying the same corrections to the photon propagation time (drift direction) and the
propagation of the neutrino inside SBND (beam direction) to reconstructed PMT flashes
yields an overall resolution of 2.34 4+ 0.03 ns and an intrinsic resolution of 2 ns after

subtracting the width of the BNB proton bunches [127].
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In the following sections the timing of the PMT flashes will be used to discriminate the
delayed heavy neutral leptons from the SM neutrino bunches. Future work will look into

including the X-ARAPUCAs into the selection given the performance achieved.



Chapter 5

Heavy neutral lepton signal and

background simulation

Thanks to the proximity of the SBND detector to the BNB origin, many BSM models
coupled to SM neutrinos or mesons can be probed at SBND. In particular, long-lived
massive particles produced by the beam could appear at the detector slightly delayed
with respect to neutrino beam events. In this chapter, the production and decay of heavy
neutral leptons (HNLs) at SBND is discussed, as well as the background simulation from
the SM neutrinos. Sections 5.1 and 5.2 review the signal and background simulation. In
the following chapters (6 and 7), a sensitivity study of muon-coupled HNLs in the decay
channel N — eTe v and the low mass region [30-150] MeV is performed using Monte
Carlo simulated data and SBND standard reconstruction tools '. A description of the
MC samples generated for this analysis described in the following chapters is given in

Appendix B.

5.1 Signal simulation

ur ut
K+ K+

y |U,u4|2 N

(@) (b)

Figure 5.1: Feynman diagram of the SM v,, (Left) and HNL (Right) production from
positive kaon decay.

!The SBNDcode version used for generating and analyzing all the events for this search was
©v09-82_02.01. This version can be found in the SBN Software GitHub organization, inside the SB-
NDcode repository [170].
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In SBND, HNLs can be produced from the decay of pions, kaons and muons (see Figure
5.1) from the BNB. The main features of the BNB G4 simulation were described in
Section 2.2.

To simulate BSM signals, the MeVPrtl tool has been developed. This dedicated genera-
tor provides both ICARUS and SBND an interface to produce samples of various BSM
models: Higgs portal scalars, axion-like particles... The following pages are focused on
the implementation of HNLs generated from the BNB. The generator follows the steps
sketched in Figure 5.2:

1. First the BNB flux files are read. For the HNL production in SBND, only kaons
producing neutrinos are considered as they are the leading contribution for most
of the available phase space. For muon-coupled HNLs, the production from pion

2-body decays becomes only relevant for HNL masses below 30 MeV.

2. Then, the mesons decay into the particular BSM particle of choice. Only meson
two-body decays are simulated. A weight associated with the particular width of

the decay is computed per event.

3. The BSM particles are propagated and the ones that reach the detector surface are
kept. This process is usually referred as ray-tracing. An associated weight (wray)
that estimates the probability of that direction in the parent meson rest frame is

computed:

1
Whay = - ﬁ s, (5.1)

Detector
with € the solid angle spanned by the detector in the rest frame of the parent.
4. Finally, the decay inside the detector volume is simulated given the branching

ratios of each BSM model. A list of truth particles with the positions and momenta

of the daughters from the BSM particle decay is computed and saved into the art

file.
Decay mesons Transport BSM Decay BSM
Get mesons into BSM particles to particles into SM
particles detector observables

Figure 5.2: Workflow diagram of the MeVPrtl generator.

After the MeVPrtl stage, the daughter particles from the BSM decay follow the standard

simulation and reconstruction chain described in the previous chapter: G4 simulations
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compute the energy depositions and subsequent interactions of the initial particles, esti-
mating the number of ionization electrons and scintillation photons produced. After the
propagation inside the detector, the sensor readout is simulated, and the output signals

are analyzed following the same reconstruction chain as SM neutrino interactions.

5.1.1 HNL production

The branching ratio of the parent meson decaying into an HNL can be expressed in

terms of the corresponding SM neutrino branching ratio [171]:

Ups|? m?  m2
Br(m™ = IZN) = Br(m" = 1v,) <‘a42) PN QZO‘ ,TN , (5.2)
1 — |Upal msoome
with Br(m™ — Tv,) the branching ratio of the charged meson m™ that decays into a
lepton [} and an SM neutrino v, m,,+ is the mass of the charged meson, m;,_ is the

mass of the lepton and my is the mass of the HNL. The branching ratios and lifetimes

of the parent mesons considered in the BNB simulation are summarized in Table 5.1.

Particle | Lifetime Decay mode Branching ratio
(ns) (%)

T 26.03 w4+, 99.9877
et + v, 0.0123

K+ 12.385 wt+ v, 63.44
0 +et +u, 4.98

™+ put 4 v, 3.32

K9 51.6 7 +et 4. 20.333
7t +e + 7 20.197

T +ut 4+, 13.551

T+ 40, 13.469

wr 2197.03 et + v+, 100.0

Table 5.1: Particle lifetimes and branching ratios of neutrino-producing decays in the
BNB simulation [81].

The kinematic factor p(x,y) takes into account the available phase space:

(z+y—(z—y))V/I+22+y2—2(x+y+ay)
(1 —x)? ’

pi (2, y) = (5.3)

where z,y correspond to mfa / m72n+ and m3;/ mfn+ respectively in Equation 5.2. Figure
5.3-Left shows the kinematic factor for the production channels available at SBND:
7t — Net, 7™ — Nu™, Kt — Net and K™ — Nu™.
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Figure 5.3: Left: kinematic p factor as a function of the HNL mass for the relevant
production channels from meson decays available at SBND. Right: branching ratios
(divided by the squared of the HNL coupling) of the HNL production as a function of
HNL mass for the relevant production channels. The black dashed lines represent the
kinematic limits for each channel.

The kinematic factor is bigger for electrons than muons neutrinos because their mass
is two orders of magnitude smaller than the muon and pion masses. The positive kaon
and pion two-body decays into a positron suffer from helicity suppression as they are
lighter than the muons. For this reason it is harder to produce a left handed positron
that matches the helicity of the neutrino (the original kaon/pion has a total spin of 0)
[12]:

Br(Kt — e 4+ v.) =1.58 x 107° 5.4)
Br(zt = et +1v,) =1.23 x 1074, '

Because HNLs are heavier than electrons, their production from meson two-body de-
cays experiences a helicity unsuppression. This is shown in Figure 5.3-Right where the
kinematic factors are multiplied by the neutrino branching ratios. This corresponds to

the HNL production branching ratio divided by the coupling |Ua4|? (see Equation 5.2).

HNLs from kaon decays have a larger mass range (up to 490 MeV) as more energy is
available. In the following studies, it is assumed that the HNL is coupled only to the
muon neutrino from the SM (|Uea|?*=|Ur4|?= 0, |U,4|?# 0).

5.1.2 HNL propagation

The BNB target is 110 meters away from the upstream wall of SBND. HNLs arriving at
SBND travel from the parent meson decay point to the SBND upstream wall. The beam

is very collimated and the acceptance angle is ~ 2° with respect to the beam direction.
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Because of the heavier mass, HNLs will appear slightly delayed with respect to the SM
neutrinos. The delay increases with the HNL mass as less kinematic energy is available.
The arrival time distribution is the combination of the various effects taking place. First,
the 81 proton bunches of each BNB spill have an intrinsic width of 1.3 ns each. Then,
kaons propagate and decay in the decay region after the beryllium target. Lastly, the
neutrinos and HNLs propagate to the detector location. A neutrino produced in the

BNB target takes ~ 367 ns to reach the SBND upstream wall.

MicroBooNE, further away from the BNB target (L = 470 m), has exploited this delay
implementing a specific trigger window after the beam window [79] to select HNLs
candidates in a background free region. SBND, however, is closer to the BNB target.
Because of this, the delay of HNL is typically a shift of a few nanoseconds with respect
to the SM neutrinos. On the other hand, this shift is enough to perform searches
between the BNB bunches in the beam trigger window if timing resolutions below 3
ns are achieved, which SBND is capable of (see Chapter 4). The velocity decreases for
heavier HNL masses, increasing the delay. This is represented in Figure 5.4 for different
HNL masses, and the SM neutrinos from the BNB at SBND.

o
w
S

L L L L L B B I o

mmmm SM background |
10 MeV HNL
e 100 MeV HNL
= 200 MeV HNL
mmmm 300 MeV HNL

o
o
o

o
o
=}

o
Y
o

Normalized counts [density]
o
o

rﬂF_le

o
o
a1

. 1
25 5.0 7.5 10.0 12.5 15.0 175

Arrival time at upstream wall [ns]

o

o
o
o

Figure 5.4: Arrival time distributions at the SBND upstream wall of the SM neutrinos
(black) and HNL with different masses (blue tones). All the 81 BNB bunches have been
merged.

Figure 5.5 shows the timing distribution of the SM neutrinos and an HNL of 300 MeV
at the SBND upstream wall. There are background free regions, between the BNB
beam bunches and after the beam window, highlighted with colored areas. The regions
between bunches were taken 30 (ocpyp = 1.3 ns) away from the center of each bunch.
Counting the total number of HNL events, the fraction of HNLs in background free

regions can be estimated.

The results are shown in Figure 5.6 for the region between bunches, the HNLs that

arrive after the beam window and the sum of both. The main fraction of HNLs arrives
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Figure 5.5: Truth time distributions of the SM neutrino background and a 300 MeV
HNL at the SBND upstream wall (Left) and close up to the beam end (Right). The
background free regions are shaded in red between the BNB bunches and gray after the
beam window.

in coincidence with the beam. Nevertheless, up to a 10% of the total HNL events for
the higher masses arrive after the beam trigger window. For searches in the low mass
region, most of the HNL events are in time with the SM neutrinos and thus require

precise timing analysis and reconstruction to separate them from the SM backgrounds.
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Figure 5.6: Fraction of HNL events in background free regions for different HNL mass:
between the standard BNB bunches (red) and after the beam trigger window (gray).
The sum of both contributions is shown in green.

5.1.3 HNL decay

The simulated channels used to compute the total HNL decay width for the mass ranges
of HNLs available at SBND are shown in Figure 5.7. Three main channels are of par-

ticular relevance due to its dominance in their respective mass ranges:



Branching Ratio
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e The channel N — ete v allows us to probe HNLs in the low mass range < 140
MeV. It is the dominant channel, apart from the non-detectable three-v decay,

before the HNL has sufficient energy to produce a 7.

e The channel N — v7¥ probes the intermediate mass range between 140 and 260

MeV, where the muon and pion production becomes relevant.

e The channel N — um enables the probing of HNL masses as high as 388 MeV,
limited by the maximum available mass for the HNL which is the kaon mass minus

the mass of the outgoing muon.
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Figure 5.7: HNL Branching ratios (Left) and decay widths (Right) of the channels
simulated in the MeVPrtl generator assuming a v, only coupling (|Ues|*=|U,4]*= 0,
Unal*# 0).

The decay widths of these channels are given by [172, 173]:

(a) N = etev:

_ GZm)5 Me M
I'(N = vaete) = LN |Usil? | (919R + Oaegr) I (0, —=, —
967 my my
(5.5)
2 2 Me  Me
Soe(14+291)) I (0, 2€ ,
+ (gL + g% + Oae(1 + gL)) 2 ( e mN)}
with o = e, p, 7, G the Fermi constant [12], gr = —1/2 + sin? Oy, gr = sin® Oy,

and 11’2:

(1-2)2 ds

Il(x7y72) = 12/ S (S - $2 - y2) (1 + Z2 - S) \/A (va27y2)\/A (178722)7
(z+y)?

(1-2)* 4
I(z,y,2) = 24@/2/ f (1422 —s) VA (5,52 22) VA (5,42, 22),
(y+2)?

Aa, b, c) = a® + b* + ¢* — 2ab — 2bc — 2ca.

(5.6)



Heavy neutral lepton signal and background simulation 99

(b) N — vmy:

G2 f72rm3 U'oz4|2 m o 2
I'(N = yer?) = = 321\;’ [1 — (mNﬂ (5.7)

The expression here for N — vn® contains an additional factor of 2 suggested by
Ref. [174] compared to Ref. [172, 173].

(¢) N — pm:

G2 f2 ’V d’2m3 m2 m2
I'(N =y 7F) = |U,y? ZEIx Ny = 5.8

with fr = 130 MeV the pion decay constant, |VM;/|2 the element from the CKM

matrix [12], and I:
Iy) = [(1 42— y) (1 +2) — 4] VAL 7, 9). (5.9

All these widths are valid for Dirac HNLs. For Majorana HNLs the equations are
multiplied by a factor of two, to account for the new possible charged conjugated final

states. The corresponding branching ratios are not affected by the Majorana nature of
the HNL.

The SM neutrinos come mainly from the decays of pions, whereas the only contribution
of HNLs with a mass above 30 MeV is the decays of kaons. Because pions are lighter than
kaons, neutrinos produced by pion decays are more forward focused. This is depicted in
Figure 5.8: the density of neutrinos from kaon decays is uniform in the detector surface
as opposed to neutrinos from the decays of pions which are concentrated around the

beam direction.

Because HNLs are mostly produced by kaons, they are also uniformly distributed across

the detector surface, as opposed to most of the SM neutrinos (see Figure 5.9).

Figure 5.10 shows the energy spectrum of HNLs decaying into an electron-positron pair
and a neutrino with darker blue tones for the higher HNL masses and a fixed coupling
(|U,a]?= 107°) and exposure (10*! POT). The decay widths and total number of HNL
events increase with the power of the HNL mass. Heavier masses predict a higher number
of HNLs in the detector for the same coupling value. The shape of the spectra in Figure
5.10 presents a sharp peak at lower masses which comes from the fraction of kaons that
decay at rest (KDAR) in the SBND rest frame.
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Figure 5.8: Density of the events at the SBND upstream wall in the perpendicular
plane (XY) for SM neutrinos produced from the decays of kaons (Left) and pions
(Right). The beam line crosses SBND at (x,y)=[-73.78,0] cm in the detector coordinate
system (white dot).
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Figure 5.9: Density of the events at the SBND upstream wall in the perpendicular
plane (XY) for an HNL signal of 300 MeV (Left) and the SM backgrounds (Right).
The beam line crosses SBND at (x,y)=[-73.78,0] cm in the detector coordinate system
(white dot).

5.1.4 HNL decay product kinematics

Henceforth, only HNL decays into an electron-positron pair and a neutrino are con-
sidered, focusing in the lower mass range [10-150 MeV]. An example of such a decay
(N — eTe v) with an overlaid cosmic muon is shown in Figure 5.11. One of the recon-

struction challenges discussed in detail in the next chapter is the small angle between
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Figure 5.10: Energy spectrum of HNL events decaying into an electron-positron pair
and a neutrino at SBND for different masses and a expected exposure of 102! POT.

the lepton showers. The products are more forward-focused for lower masses making

difficult to correctly separate both electromagnetic showers.

20 cm

Figure 5.11: Example of a simulated HNL event inside the SBND TPC. An overlaid
crossing muon can be seen on the right side.

Anisotropies in the distribution of energy among daughter particles and the direction of
the decay are taken into account to produce a precise simulation of the HNL final state

kinematics.

In the three-body scenario N — l;lgy both the anisotropies induced by the polarization
of the HNL (relevant for Dirac HNL) and the electroweak contribution to the vertex are

considered.

To simulate the final states, the differential decay width given by [175, 176]:

F<N_>l§ll;’/) 1 1 icAKﬂ (5.10)
dm?d cos Oydm2,,dyudg — (2m)° 64m3, J=1 Y ‘
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is sampled. The nonzero C; coefficients are given in Table 5.2 in the case of the
HNL only interacting with the SM by mixing with the light neutrinos. The rest of
them vanish for the case of two outgoing leptons of the same flavor. With g1 .3 =
|Ua4|2 [%5 — % (1 — 2sin? GW)] and gg = ]Ua4]2 sin? @yy. The Lorentz-invariant quanti-
ties K; are defined as:

Cjap | Dirac N Dirac N Majorana N

Ch 649r,089r  649L,089rR  1289L.089R

Cy 6497 o5 649% 64(97 o5+ 649%)
Cs | 64g% 6497 o5 64(97 o5+ 649%)
Cs -6491,089r  649L,089r O

Co | -64g7 .5  6dgp 64(9%-07 o5)
Cio | -64g7, 649% 64(9%-07 )

Table 5.2: Coeflicients determining the angular anisotropy in HNL decays.

—_

Ky = 5 MmMp (m?\f - mlzl)

Ky = % (mlz,m — mfn) (m%\; + m%n — m?/m)

K5 = % (M2, +mi —m2) (ma +m2, —mi —m2,)

Kg = gmmmp (m%\; — mlgl) cos O

K9 = @ ( z - m%l) (]pm](cos i sin Oy sin 0, — cos Oy cos Oyp,) — W cos (9”)
Ky = _Pmy (m?\, +m2, —m2, — m%l) |pm| (cos g sin @y sin 0, — cos 6y cos O,

2

(5.11)

Where P is the polarization of the HNL, m,, and m, the masses of the negatively and
positively charged leptons respectively, my the invariant mass of the charged lepton
pair, my,, the invariant mass of the neutrino-negatively charged lepton system, p; the
momenta of the charged lepton system, cosfj; the angle between the HNL spin direction
and py, v the angle of rotation of the charged lepton subsystem around the direction of
pu, and 6, the opening angle between the outgoing negatively charged lepton and the
neutrino. As a validation the kinematic distributions obtained were compared to those

in reference [176] finding good agreement between them.

Figure 5.12 shows the energy of the leading shower in an HNL decay into an electron-
positron pair and a neutrino. On average, the leading electron or positron carries ~ 640

MeV of energy, mostly focused in the beam direction.
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Figure 5.12: Energy distribution of the leading electron or positron for the N —
eTe v decay channel for different HNL parent masses.

The distributions of the opening angle between the two showers .. is shown in Figure
5.13 in absolute frequency (Left) and accumulated density (Right). The correct recon-
struction of both showers for the lower masses (< 50 MeV) is challenging, as more than

60% of the lepton pairs have 10° or less between them.

HNL events are very beam-focused in this mass range. Figure 5.14 displays the angle
of the leading shower with the beam direction 6.,y. The forward boosting causes 90
(65)% of the events to be collimated with an opening angle between the leading shower
and the beam direction below 10° for decays of HNLs with a mass of 50 (150) MeV.
For all masses, in less than 1% of the events the leading shower is pointing backwards
(01eaa > 90°). The outgoing neutrino carries on average 430 MeV of energy for this mass

range.

5.2 Background simulation

As in chapter 4, the SM neutrinos are simulated with the GENIE software [152] and the
cosmic backgrounds with CORSIKA [154]. The events simulated for the HNL studies
included the dirt interactions with the materials before the detector. Any interaction
produced by GENIE in the buffer volume (5 m surrounding the detector) or the Rockbox
volume, 15 meters long before the buffer volume (see Figure 5.15) is saved, as their

products could deposit energy in the detector.

For HNLs decaying into an electro-positron pair and a neutrino the signal consist in two

outgoing electromagnetic showers that share a common vertex. The main backgrounds
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Figure 5.13: Left: distribution of the angle between the electron and positron pair
for the N — ete~v decay channel for different HNL parent masses. The cumulative
distribution is shown on the Right.
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Figure 5.14: Left: distribution of the angle of the leading electron/positron with the
beam direction for the N — ete~v decay channel for different HNL parent masses.
The cumulative distribution is shown on the Right.

are caused by the miss-reconstruction of NC7? and CCu, events. For this reason, en-
riched simulated samples for both were produced in addition to the inclusive BNB sample
containing all the expected interactions from the neutrino beam with the argon in the

detector.

Neutral pions produce two outgoing photons which result in a di-shower signature each
shower separated by a ~ 10 cm gap from the decay point of the 7° (Figure 5.16-Left)
[177]. This is caused by the short conversion length (~18 cm) of photons in LAr [178].
The v, charged-current interactions produce a single shower (electron) as shown in Figure
5.16-Right.

Because the products of the HNL decay are very forward-focused, it is common for both

showers to overlap if there is an angle < 10° between them. In this case, the signal
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Figure 5.15: Boundaries of the GENIE generator in SBND. In addition to the detector
surroundings (buffer volume), interactions produced up to 20 meters before the detector
(Rockbox volume) are saved.
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Figure 5.16: NC7° (Left) and CCr, (Right) interactions with an argon nucleus.

may be reconstructed as a single shower, as depicted in Figure 5.17. Therefore, the
cause for tagging NC7r” and CCr, backgrounds as signal events depends on the number
of reconstructed showers. The main reconstruction problems for both NC7? and CCu,

events are outlined in Table 5.3.

Background | 1 reconstructed shower 2 reconstructed showers
- 2 showers are reconstructed as 1. | - 2 showers appear as coming from the
NCr? - 1 shower is out of the detector same vertex.
or not reconstructed. - 1 shower split into 2 reconstructed showers.
- The dF/dx determination fails.
CCr, 1 single CCv, shower mimics - 1 shower split into 2 reconstructed showers.
2 overlapping signal showers.

Table 5.3: Most common problems that cause the NCr? and CCr, backgrounds to
be miss-reconstructed as an HNL signal.

A description of the signal and background samples produced for the analysis can be
found in Appendix B. The next chapter reviews the reconstruction tools used to perform

the selection of HNL events decaying into an electron-positron pair and a neutrino.



Heavy neutral lepton signal and background simulation 106

Figure 5.17: TPC image of simulated e*e™ pairs for different angles between them.



Chapter 6

Detector simulation,

reconstruction and selection of
HNL candidates

In this chapter, the detector simulation and reconstruction of events in SBND is discussed
with particular emphasis in the TPC and CRT systems. The light signal simulation and
reconstruction are extensively described in Chapter 4. High-level reconstruction tools
used to suppress cosmic backgrounds and perform particle identification are discussed.
Finally, a selection of HNL events in the low mass range, [10-150] MeV, is performed
on the samples described in Chapter 5. These results are employed in Chapter 7 to
estimate the expected exclusion limits in case of no observation of SBND to an HNL

decaying into an electron-positron pair and a neutrino.

6.1 General overview

The SBND event simulation has four main stages represented in Figure 6.1: the event
generation, the particle propagation and interaction with detector materials, the simu-
lation of the sensor’s response (TPC, PDS and CRT systems), and the signal processing
and reconstruction from the raw signals of each system to complex objects such as tracks,
showers and optical flashes. High-level reconstruction tools such as the flash (TPC-PDS)

and TPC-CRT matching combine information from multiple systems.

The SM interactions are modeled using GENIE for beam neutrinos and CORSIKA

for the cosmic rays crossing the detector; more details are given in Section 4.1. HNL

107



Detector simulation, reconstruction and selection of HNL candidates 108

s N (T T T T T T T T S (T T T T T T T T >
Event Generation I Beam events: | Cosmic backaround: |
Determines initial particles positions | GENIE, MeVPrtl [ CORSIKgA : |
and momenta | (need BNB flux simulation) | | |
. Jo o\ _ D _!
s N (T T T T T T T T T T T N
Physics interactions . - . . .
Geantzsimulates ST : Estimates energy depositions along particles trajectories. :
. g | Determines number of y and e~arriving at the TPC, PDS and CRT. |
collisions, decays...

N\ ‘ J o\ __ !
s N\ ( _________ N\ ( _________ N (T T T T T N
Detector simulation PDS | TPC | | CRT :
Raw signals simulation: readout noise, : Sat“ratt'on' dark : : Wire noise, field : |  Fiberseffects, |
smearing, response ... | current, sensor | response... | | SiPMsresponse. |
~ T SN N __ JNC ’

4 N ST T T T T T N T T T T T T N (T T T T T
Reconstruction ( PDS | ( TPC | ( o CRT |
Signal filtering and clustering, high | 1D deconvolution. | | 2D deconvolution. | | Hitsinorthogonal |
) ? | Opticathitfinding | |  Hitfindingand | | strips. Spacepoints |
level analysis | nd clusterin 11 lusterin 1| o |
L )\ andclustering. | | clustering. ) L C

FES\/ \/'RT-TPC
matching Matching
Figure 6.1: Workflow of SBND simulation.

generation with MeVPrtl, the BSM generator used in SBND and ICARUS, was discussed

in Section 5.1.

The Geant4 stage predicts the energy depositions and interactions of the particles along
their trajectories inside the detector. After the detector physics is simulated, the re-
sponse of each system to different signals (ionization electrons and scintillation photons)
is incorporated. The workflow of this stage for the TPC and CRT case is outlined in
sections 6.2 and 6.4.

CRT, TPC and PDS raw signals are filtered and processed at the beginning of the
reconstruction stage. Different algorithms identify energy depositions and cluster them
in spatial and time coincidence. The tools developed to analyze the TPC and CRT

signals are described in sections 6.3 and 6.5.

From these building blocks, higher analyses are performed using the clusters and com-
bining the information from the three different systems; they are reviewed in section
6.6. The HNL selection performed to study SBND’s sensitivity to HNLs in the low mass
range [10-150] MeV is presented in section 6.7.

6.2 TPC simulation

As discussed in Chapter 2, ionization electrons are affected by different processes inside
a LArTPC:
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e First, electrons can be captured by positive ions (recombination). The recombi-
nation factor (R) varies with the energy loss over distance (dE/dz) [179, 180].
The value of R is computed using ArgoNeuT’s Modified Box model, tuned with
experimental data [180]. The parameters used were a = 0.93; 8 = 0.212 which
correspond to an electric field of of 0.481 kV /cm.

e The propagation of the electrons is affected by both diffusion and absorption by
impurities in the argon, and the non-uniformity of the electric field. This non-
uniform electric field affects the recombination process and modifies the spatial
information, affecting the track/shower direction. The current simulation obtains
the modified electric field analytically using Fourier series in a 3D grid and inter-
polating values between the points in the grid. These effects can be calibrated

using laser systems which can be pulsed in known directions [181].

e Ionization electrons passing the induction planes towards the collection plane in-

duce a current on nearby wires following Shockley-Ramo’s theorem [182].

e The bias voltage applied to each wire forces the electrons away from regions close
to the induction wires. The bias is chosen so that the first two induction planes
are transparent and all the charge reaches the collection plane [183]. This behavior

is illustrated in Figure 6.2.

e Finally, the noise and the readout electronics response is convolved with the current

from the wires, creating the raw signals that are recorded and processed.
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Figure 6.2: Example of electron drift paths with two induction planes and a collection

plane at x=0. Picture taken from [184].

In SBND, transport effects are simulated using the Wire-cell toolkit [184, 185]. The

package also estimates the shape of the raw waveforms convolving the field response and
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the electronics response. The electronics response includes the gain (14 mV /fC) and the
shaping (2 us) introduced by the pre-amplifier circuits. An example of the raw simulated

waveforms can be seen in Figure 6.3 with and without the effect of neighboring wires.

— U-wire

— V-wire a. b'
— Y-wire

+ 0 Wires + 10 Wires
time > time >

Figure 6.3: Wire response function for a single electron in the two induction planes
(red and blue) and the collection plane (black) including (a) no neighboring wires or
(b) [-10,+10] neighboring wires.

6.3 TPC reconstruction

Signal Proc.essmg. Hit Finding Signal clustering
2D deconvolution + High . . . Pandora pattern
) Fits to multiple Gaussian " .
and low pass filters on raw ulses in regions of interest recognition algorithms
waveforms P g cluster TPC hits

Figure 6.4: Scheme of the different stages in the TPC reconstruction chain, starting
from the raw waveforms and finishing with the TPC hits and Pandora clustering algo-
rithms.

In analogy with the PDS reconstruction workflow, TPC signals are processed before
identifying the hits of deposited energy (see Figure 6.4). Following MicroBooNE’s TPC
processing workflow, since induction effects in neighboring wires are relevant raw TPC
signals first undergo a 2D-deconvolution (wire number and time) to remove the electron-
ics response [184]. High-frequency filters are then applied to the induction and collection
planes to reduce the noise. A low-frequency filter is applied to the induction planes only
to smooth the baseline [186]. The result of this proccess is shown in Figure 6.5 for a
1.23 GeV electron crossing the TPC. For showers, a decrease of the collected charge
from deconvolved waveforms up to 50% in the induction planes is observed. The effect
is mainly driven by the cancellation of consecutive bipolar signals in the same wire in

the raw waveforms.

A ‘GausHitFinder’ algorithm is applied to deconvolved waveforms [187]. It attempts to

fit a series of Gaussian pulses to the waveform. The number of peaks to fit is taken as the
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Figure 6.5: Left: TPC image of a shower induced by a 1.23 GeV electron in the first
induction plane. Right: simulated raw waveform as seen in a particular wire of the
induction plane. The induced current (gray) is convolved with the electronic response
and the noise producing raw signals (red). The output after deconvolving and filtering
the raw signals is shown in blue. In the induction planes, because the raw signals are
dipolar, wide charge distributions cancel out and the recorded signal suffers from charge
loss.

number of maxima in the differentiated waveform. Figure 6.6 shows this procedure for
an electron interaction. After the fitting, the individual Gaussian pulses are identified
as hits. The center of the Gaussian is taken as the peak time of the hit while the height
and width are used to compute the deposited charge in that hit.

Figure 6.6: GausHitFinder algorithm applied to deconvolved TPC waveforms (black)
from an electron event [188]. The top view shows the produced shower with color
representing the collected charge on the wires (horizontal axis) and the vertical axis
representing the time. The multiple Gaussian fit (red) for a given wire is shown in the
bottom view.

6.3.1 Pandora pattern recognition

Identified hits on each TPC plane are given as an input to the Pandora toolkit [189, 190].

Pandora is a multi-algorithm approach to pattern recognition. It uses more than 100
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algorithms to gradually cluster and reconstruct the interactions. The software is detector

agnostic and is used by multiple LArTPC experiments [190, 191].

The two pathways in Pandora reconstruction, PandoraCosmic and PandoraNu, are de-
picted in Figure 6.7. The first removes hits that form obvious cosmic-rays. The remain-

ing hits are the input of the PandoraNu reconstruction.

PandoraCosmic PandoraNu
Input: all 2D hits in readout window Input: cosmic-removed 2D hits
2D reconstruction Event slicing
3D track reconstruction 2D reconstruction
Delta-ray reconstruction 3D vertex reconstruction
3D hit reconstruction Track and shower reconstruction
Y

Particle refinement

Output: candidate cosmic-ray muons

r-- - |
| Cosmic-ray muon taggingl Particle hierarchy reconstruction

Y

Unambiguous cosmic-ray muons Other particles, input to PandoraNu Output: candidate neutrinos

Figure 6.7: Representation of the two Pandora reconstruction paths. Hits associated
with unambiguous cosmic-rays are removed. The remaining hits then follow the Pan-
doraNu reconstruction. Figure from [190].

The PandoraCosmic reconstruction starts with the clustering of the hits in each TPC
plane (2D reconstruction), looking for track-like objects. Initial clusters are then merged
taking into account gaps in the detector and other ambiguities such as crossing particles.
Then, 3D clusters are created by overlapping clusters from different planes with similar
spans in the drift direction. The best candidates in 2 planes are projected into the
third one where a y? test estimates the consistency between planes. Clusters with good
matches in the three TPC planes are combined into a Particle Flow Object (PFO).
Subsequent stages that merge and split the clusters are run aiming to improve the
arrangement. Once the 3D object is formed, each hit receives a 3D position or space

point.

Clusters tagged as unambiguous cosmic-rays are excluded and the rest of the clusters

(and their hits) are input into the PandoraNu reconstruction. The cosmic-ray tagging
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criteria looks for vertical and straight tracks that are out of the drift window at the

trigger time and close to the detector walls [188].

In the PandoraNu stage, the events are first divided into sections referred as slices.
Ideally, each slice contains all the hits originated by the same interaction. Clusters
are grouped into slices taking into account their proximity and direction. Once slices
are formed, the 2D clustering is repeated assuming clusters can be either track-like or
shower-like. After the re-clustering, Pandora assigns a vertex to the interaction for each
slice and a hierarchy to the clusters that form the slice. The vertex is chosen comparing
candidates with a multivariate analysis that uses information from both the complete
slice and the surroundings of the vertex [188]. The hierarchy identifies primary daughter

clusters from the interaction vertex and their subsequent daughters.

Each PFO is reconstructed under both track-like and shower-like assumptions. A final
track score is assigned with scores < 0.5 (> 0.5) indicating a shower (track)-like behavior.
The score is calculated by a dedicated boosted decision tree (BDT) [192] using several
features of the cluster such as the cluster principal direction, its width and length, or
the fraction of hits outside the Moliére radius (10 cm in LAr) [188, 193, 194].

An example of a reconstructed slice is shown in Figure 6.8 for a simulated CCv,, interac-
tion with resonant pion production. Two tracks corresponding to a muon and a proton,
and the two showers produced by the decay of a 7° are identified from the primary

interaction vertex.

)

Y1

. .. <— Interaction Vertex
w, wire position

Simulated unresponsive channels
. . /l,[ 5cm
x, drift position —

Figure 6.8: Example of a CCy,, interaction with an outgoing muon (red), a proton
(blue) and the two showers (blue and green) produced by the decay of a 7°. Image
taken from [190].
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Clustered hits can then be used to estimate physical quantities such as the shower or
track length, energy, dE/dx and direction. To calculate the cluster energy, first ADC
units (area of the TPC signals) are converted to charge (@) multiplying by a calibration
constant, one for each plane (U,V,Y): (Cy,Cy,Cy) = (49.8,49.8,49.7) e~ /(ADC x
ticks). Once the charge loss (dQ/dx) has been estimated, the conversion to energy for

track objects is done using ArgoNeuT’s Modified Box model [180]:

dE 1 d
i 3 {exp <ﬁVVion di?> - a} (6.1)

were W; = 23.6 €V is the work function of ionization electrons in liquid argon and «, 8

are the constants used to determine the recombination factor in Section 6.2.

For showers, the calibration constant -y : % =7 X % is assumed to be independent of

the electric field (the simulated value is v = 36.9 eV /e~ ) and can be measured using the

reconstructed invariant mass of 70 events as a standard candle.

The estimation of the energy loss per unit of distance in the shower case is performed
using only the starting hits of the showers [188], as photons produce an electron-positron
pair and their dE/dz should be twice the one produced by an electron-induced shower
(see section 2.3.1). This variable is of great importance to the HNL searches in the
N — eTe v channel as it allows to separate SM backgrounds as CCur, interactions from

signal events.

Lastly, the angle of the shower cone is computed as f¢one = tan™! (shower width / shower length)
with the width and length of the shower taken as the 90% percentile where all the shower

hits lie from the center of the shower in each direction [188].

6.4 CRT simulation

Each CRT module FEB is connected to a total of 32 SiPMs (two SiPMs per strip and
sixteen strips per module). Unlike the other systems, the PDS and TPC, the complete
CRT signals are not saved. Instead, the amplitude of the signal measured by the 32
SiPMs in a module is recorded 75 ns after any self trigger is issued (the signal peak is
delayed with a shaper in the FEB). Self triggers can be produced when a pair of SiPMs
in a strip surpass a fixed amplitude threshold or by the coincidence of orthogonal strips
in different CRT modules.
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The simulation starts with the energy depositions located inside any CRT strip. The
number of photons arriving at each SiPM is assumed to increase linearly with the de-
posited energy and decrease quadratically with the distance. Differences in the number
of photo-electrons recorded by the SiPM in each fiber of a strip are modeled with a ex-
ponential absorption model. The empirical corrections applied are tuned with recorded

muon data.

In the simulation all SIPMs are assumed to have the same gain. The equalization of the
gains in different channels and modules is ongoing as part of the commissioning of the
detector. To compute the ADC value of the CRT signal a waveform measured from real

data is interpolated (see Figure 6.9).
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Figure 6.9: Measured SiPM waveform from real data. The simulated ADC value

saved is interpolated 75 ns after the pulse surpassed the amplitude threshold, where
the peak of the signal is expected. The threshold is set at an amplitude ~ 0.5 PE.

The output of the simulation at the sensor stage is a vector of 32 elements per CRT

module, each one corresponding to the ADC value at a different SiPM.

6.5 CRT Reconstruction

First, an amplitude cut identifies the channels above the amplitude thresholds. The
number of PEs on each SiPM is estimated assuming a linear dependency with the SiPM
amplitude. Then, hits from nearby strips located in orthogonal layers in a 50 ns co-
incidence window are matched forming 3D space points. The space points contain the
number of PEs measured by the SiPMs as well as the position and timing information

corrected by the propagation delay from the hit point in the strip to the SiPM. An
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example is shown in Figure 6.10 where a crossing muon leaves hits in two different strips

of a CRT wall.

Space points in multiple CRT walls are matched in time coincidence to form CRT tracks,

which are later compared to the TPC and PDS clusters.

Figure 6.10: Example of a crossing muon (green) leaving hits in two different CRT
strips (blue) of the CRT walls (black). The TPC volume is shown in gray.

6.6 High-level reconstruction

6.6.1 Beam flash matching

As detailed in Chapter 2, the slow drift velocity of electrons in LAr introduces an
ambiguity when determining the time of the interaction. To overcome this problem a
common technique used in LArTPCs is the association of light signals with TPC charge
clusters. This method is usually referred as flash-matching. These algorithms compare
the light pattern observed by the PDS sensors (O;) and a hypothesis of the predicted
light at each PDS channel (H;).

In SBND, the hypothesis is built using the semi-analytic model described in Chapter 4
and the space points of the PFOs in a given TPC slice. The efficiencies of each PDS
sensor to VUV and visible light are also taken into account. Finally, the hypothesis and
measured charges are normalized by the total PEs predicted and observed in all PDS

channels. A chi-square discriminant is built:
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Nae
) 1 det (Hz_01)2

 Naew = H; + (0.1H;)?’

X (6.2)

with the statistical uncertainty (v/H) and an extra 10 % smearing term. A score = 1/x?
associated with each flash is saved per matched flash with higher scores indicating better
matches. We are interested in the BNB neutrino interactions, thus only flashes contained
in the 1.6us beam window are considered. The current configuration is one-to-many:
each optical flash is compared with all the slices recorded during the drift window. Two
flashes can be matched to the same slice. This occurs typically in events that cross the
middle of the detector and thus have hits in both TPCs. Since each TPC can form its
own flashes, only TPC hits in the TPC of each flash are used to compute the hypothesis.

6.6.2 Particle identification

Thanks to its high granularity imaging, a LArTPC can measure the angles, directions
and energies of the outgoing particles in an interaction. In order to perform the correct
particle identification (PID) of each Pandora cluster, several kinematic and topological
variables are computed and compared. For example, a measurement of track-like be-
havior is the density or number of hits close to the line formed by the cluster start and
end. In SBND, once the TPC hits have been clustered by Pandora (see section 6.3.1 for
details), these quantities are fed into 3 different Boosted Decision Trees implemented
with the ROOT TMVA package [195] that perform the PID.

Razzle (shower PID)

The Razzle PID BDT specializes in shower classification [188]. The input variables to
the BDT are: the conversion gap (distance from the shower start to the primary vertex
of the slice), the dE/dz, the shower cone angle .oe, and the hit multiplicity and energy

densities.

The output of the Razzle BDT is a triad of scores (electron, photon, or other). The
sum of the scores is normalized to 1. The particle can be classified as the label with the

higher score; additionally, cuts on the minimum or maximum score can be performed.

Dazzle (track PID)

Similarly, the Dazzle PID BDT specializes in track characterization. Some of its inputs

variables are: the track length, a score that identifies Bragg peaks using the energy loss
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profile of the last 20 cm of the track, the dE/dx, and the number of daughter particles

(Michel electrons for stopping muons or inelastic hadron interactions).

The output of the BDT is a set of four scores (muon, pion, proton and other).

Razzled (shower + track PID)

The third PID BDT combines variables from the Pandora clusters characterized as both
showers and tracks. As input variables it takes the Razzle and Dazzle variables plus:
the fraction of charge in the last part of the cluster (closer to track-shower end), the
standard deviation of charge hits and the ratios of the 2nd and 3rd eigenvalues of a

principal component analysis (PCA) to the first eigenvalue.

The output of Razzled is a set of six scores (photon, electron, muon, pion, proton and
other). Figure 6.11 shows the confusion matrix selecting the highest score as the PID

of the particle. Electrons are mainly misclassified as photons 11% of the times.
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Figure 6.11: Left (Right): Confusion matrices of the Razzled BDT normalized such
as the sum of each row (column) equals 1.

6.6.3 CRT-TPC Matching

The matching between TPC clusters and CRT signals is performed by two separated

algorithms:

e CRT Hit - TPC track matching: trajectories from exiting TPC Pandora tracks
are extrapolated to near CRT walls, where they would leave CRT signals. The
distance of the closest CRT points to the TPC track is used to evaluate the match.

e CRT track - TPC track matching: exiting Pandora tracks are compared with

CRT tracks. A score is given to each match using the tracks distance of closest
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approach (DCA) and the angle 6 between the two tracks (lower score equals better
matching): score = DCA + 46

6.6.4 CRUMBS

To further mitigate the cosmic backgrounds, a tool for cosmic rejection using multi-
system BDT score (CRUMBS) has been developed in SBND. CRUMBS employs infor-
mation from the three systems (CRT, PDS and TPC) to build a score for each TPC
slice from -1 to 1. A low (high) CRUMBS score indicates a likely cosmic (neutrino)
interaction. To include the CRT and PDS information it is necessary to first match the

TPC slice to its corresponding optical flash and CRT track.

CRUMBS input variables from the different systems include:

e TPC variables: number of hits in a given slice, number of identified clusters
(PFOs) by Pandora in the slice, the number of hits in the vicinity of the slice vertex
(10 cm), or the ratio of the first and second eigenvalues of a PCA of spacepoints

close to the vertex.

e PDS variables: time associated to the matched flash, flash match score and total

number of PEs in the flash.
e CRT variables: the matched track and hit scores, and their respective times.

Figure 6.12 shows the CRUMBS score in the training and validation samples for the

cosmic backgrounds and neutrino signals employed to tune the BDT.
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Figure 6.12: CRUMBS score distributions for signal (SM v, blue) and background
slices (cosmic rays, red) in both the training and validation samples.
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6.7 HNL event selection

The complete simulation and reconstruction workflow described in previous sections is
applied to the simulated samples described in Appendix B. The HNL selection is based
on reconstructed Pandora slices. Each Pandora slice is accounted as an interaction. A
slice is labeled as a signal event if more than 50% of the TPC hits contained in the slice
were produced by the results of an HNL interaction. Similarly, the different background
slices (cosmic rays, CCr., NCrY..) are classified by the leading contribution of hits to

each slice.

6.7.1 Preselection

A first preselection is applied to ensure the quality of the slices considered. This stage
aims to keep as much signal as possible while rejecting the majority of the cosmic
background interactions. The following four cuts are shared with other analyses in
SBND:

1. Pandora unambiguous cosmic removal

First, unambiguous cosmic-ray clusters are removed after the PandoraCosmic
stage, leaving ~10% of the muon signals. For a total 3-year data taking (102!
POT), approximately 185 million cosmics are reconstructed as slices in SBND’s
TPC after PandoraNu stage. HNL and BNB events are mostly unaffected by this

cut with less than 1% of their interactions discarded.

2. Flash time within beam spill

The next step is to remove slices out of the beam window. Only slices with
a matched flash in the BNB time window are considered. The arrival time of
the particle at the SBND upstream wall is defined as the time of the matched
flash corrected by the propagation time in the beam direction. To estimate the
propagation time inside the TPC, the Pandora vertex Z component (V) of the
slice is used: tupstream = tfiash — Vz/c (¢ = 29.97 cm/ns). A slightly wider
window is chosen: [0.350-1.984] us to account for smearing effects introduced in
the reconstruction stage. The instant ¢ = 0 represents the time when the first
BNB proton bunch collides with the BNB target. A good match between the slice
and the flash (flash score> 450) is also required.

3. CRUMBS
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To further reject the cosmic backgrounds, a CRUMBS score of 0 or higher is
required for the slice to be considered. This cut rejects 97% of the remaining

cosmic slices.

4. Vertex inside fiducial volume

Neutrino dirt interactions (see Section 5.2) and cosmic muons can deposit energy
close to the detector borders. To prevent this issue, the slice vertex must lie inside
the SBND fiducial volume (FV), which corresponds to 70% of the detector volume,

and is defined as follows:

e z-position: —180 cm <z < —5 cm; 5 cm < x < 180 cm,
e y-position: —180 cm < y < 180 cm,

e z-position: 10 cm < z < 450 cm.

The drift (x) cut ensures the interactions are not too close to the PDS sensors
or the cathode plane. The vertical (y) cut rejects interactions that might inter-
sect from the top of the detector (cosmic rays) while the bottom boundary rejects
non-FV /dirt neutrinos. Lastly, the cuts on the beam (z) direction ensure that en-
tering/exiting particles are removed, while also leaving enough downstream volume

for showers to grow.

In addition to these shared cuts, another one has been employed to reject most of track-

like topologies. We apply a cut on the number of Pandora showers in the slice:

5. One or two Pandora showers requirement

Additionally, in the N — eTe~v selection we ask for a slice in which Pandora
identifies either 1 or 2 reconstructed PFP particles as showers (truth studies with-
out cosmic backgrounds showed more than 80% of the signal events fall into this

category).

The effects of each cut stage on the cosmic, SM neutrino backgrounds and an HNL
simulated signal of 100 MeV are shown in Figure 6.13. The PDS matching with the TPC
has the higher rejection rate of cosmic ray interactions, reducing more than two orders

of magnitude the cosmic slices while keeping most of the HNL and beam interactions.

For the HNL signal, the most significant loss is the fiducial volume cut (25% of the HNL
signals). Notice that although the requirement of one or two showers in the slice reduces
the signal by a 17% it also removes 68% of the slices produced by SM neutrinos from

the beam.
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Figure 6.13: Summary of the preselection applied to cosmic, BNB and HNL simulated
events for the N — ete~v search. The number of HNL slices corresponds to a coupling
of [Uus?=2x 1074

Slice type
Cut Cosmic (%) | SM neutrino (%) | 100 MeV HNL (%)
After PandoraNu stage 1.85x10% 100 1.15x107 100 5.01x10% 100
Matched flash in beam window | 1.46x107 7.89 1.01x107 88.4 4.74%x10%  94.7
Matched flash score> 450 8.92x10° 0.48 8.39%106 73.2 4.51x10% 90.1
CRUMBS score > 0 2.91x10° 0.16 7.82x10° 68.3 4.40x10% 87.9
Slice vertex in fiducial volume | 1.49x10° 0.08 4.71x10% 41.1 3.15x10% 62.8
Slice has 1 or 2 showers 5.15x10* 0.03 1.47x10% 12.8 2.64x10% 52.8

Table 6.1: Number and fraction of remaining slices after each cut of the preselection
applied to cosmic, BNB and HNL simulated events for the N — ete~v . The number
of HNL slices corresponds to a coupling of |Uy4|?=2 x 1074

The remaining timing distribution after the preselection can be seen in Figure 6.14
where the modulus (fypstream %18.93 ns) of the arriving time at the SBND upstream
wall is shown combining the 81 BNB bunches. The delay of the HNLs with respect to
the SM neutrinos is clear, but further suppression of the backgrounds is required. The
preselection keeps ~ 50% of the HNL slices while suppressing by more than three orders

of magnitude the number of cosmic slices.

The initial 11 million BNB interactions are reduced to 1.5 million slices after the prese-
lection. The shower requirement reduces the amount of track-like events by more than
a factor of 3. Most of other neutral current and CCv, events can be removed using

the PID tools described in the previous section. As in the signal case, a significant
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Figure 6.14: Distribution of arrival time for signal and backgrounds for an HNL mass
of 100 MeV and total expected exposure of 3 years (102! POT), after the preselection.
The delay between the reconstructed arrival times of the signal (gray) and the back-
ground (rest) is 2.4 ns on average. A wider spread in the signal arrival times is also
observed.

fraction of the NCr® and CCr, background events passes the preselection. To deal with
this backgrounds which can mimic the signal, the particular topology and energy of
the events is used. The next section describes the specific tool developed to produce a

low-background selection of N — eTe~v HNL events.

6.7.2 N — eTe v selection

It has been observed that background-free regions (high background rejection) have more
impact in the final sensitivity than high efficiency in signal selection. For this reason,
the main objective of this selection is to obtain pure samples of the signal population,

even at the cost of reducing the total signal selection efficiency.

A custom BDT was trained to separate the HNL signal and background (cosmic muons
and BNB neutrino interactions) populations. The BDT uses key physics variables,
including the energy, cone angle, conversion gap, and dE/dz of the leading shower in

the slice. Their main features are described below.
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BDT input variables

To prevent redundancy, variables with low impact and high correlation with others are
removed from the inputs. Some variables were compressed such as the combined PID

ratios:

Razzle-Dazzle Combined = #Primary razzle photons + # Primary razzle electrons

— #Primary dazzle protons — #Primary dazzle muons — #Primary dazzle pions,

Razzled Combined = #Primary razzled photons + # Primary razzled electrons

— #Primary razzled protons — #Primary razzled muons — #Primary razzled pions,

(6.3)

which summarize how track-like or shower-like is the given slice. For example, a slice
with three reconstructed PFPs, two identified as electrons and one as a muon has a
combined score of 1. Although both scores are highly correlated (see section 6.6.2),
removing either of them resulted in a loss of performance in the BDT and thus both are
used as input variables. The normalized distributions of the combined PID ratios for
signal and background are shown in Figure 6.15. As expected, the HNLs and the usual
shower-only topologies (NCr" and CCr,) have positive scores indicating a high presence

of showers, whereas the other backgrounds tend to lean towards track-dominated slices.
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Figure 6.15: Normalized distributions of the razzle-dazzle and razzled combined vari-
ables representing the total number of showers minus the total number of tracks in a
given slice. As expected, the HNL signal and the NCr® and CCr, background tend to
have scores above 0, whereas the other backgrounds usually contain more tracks than
showers in the slice.
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The vertex coordinates of the slice, as well as the energy and opening angle of the
shower cone of the most energetic shower in the slice are used as inputs to the BDT.

Their normalized distributions are displayed in Figures 6.16 and 6.17.

The HNL vertex is uniformly distributed in the volume, as occurs to the neutrinos
produced by kaon decays in the BNB. Most of the SM backgrounds (produced from
pion decays) have asymmetries in the directions perpendicular to the beam (x and y).
The blank space in the center of the X coordinate is where the cathode plane is located.
Lastly, a significant excess of backgrounds is close to the start of the active volume in the
beam direction (z=0). This effect is caused by beam interactions with the dirt outside

the cryostat and deposit energy in the detector.

Differences caused by the parent meson are also noticeable in the distribution of the
shower energy. The HNL signal and the CCr, events have a significant tail as for the
higher energies, the v, neutrinos are produced mainly by kaon decays. As the angle of
the shower with respect to the beam depends on the HNL mass, it has not been included
in the BDT. Instead, the angle of the cone (f.one) was found to be a robust variable for
all the HNL masses in the 10-150 MeV range. The angle 6.,,. is consistently bigger
for signal events. This is caused by the proximity of both electron showers and the

clustering algorithms, which tend to assign hits from both showers to the bigger shower.
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Figure 6.16: Normalized distributions of the x,y and z coordinates of the primary
vertex in the slice. The asymmetry in the x (drift) coordinate is expected, as the BNB
enters the TPC at x=-74 cm. The peak of background events at low z is caused by SM
neutrino interactions with the dirt outside the detector cryostat.

Other relevant variables are the conversion gap (the distance between the shower and

the slice vertex), and the dE/dx of the shower. They are displayed in Figure 6.18.

Lastly, PDS-related variables were added into the BDT:

e The flash-match score, as well as the OpTO0 fraction defined as:

PEHypothesis - PEMeasured (6 4)
P EMeasured
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Figure 6.17: Left and Right: Normalized distributions of the energy and opening
angle of the shower cone (6.one) of the most energetic shower in the slice. Because the
angle between both electrons in the HNL signal is typically small, hits from the smaller
shower tend to be clustered in the leading shower, enlarging the cone width (and thus,
the cone angle). Miss-identified tracks (CCr,) and other neutral currents have cone
angles smaller than 5°.
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Figure 6.18: Normalized distributions of the conversion gap (Left) and dF/dz (Right)
of the most energetic shower in the slice. Each shower of the signal would produce ~2
MeV /ecm. When both electrons are aligned (<5°), the initial hits are grouped together
thus mimicking the signal induced by a photon (4 MeV/cm) in a NCr¥ event.

e The fast amplitude and total amount of charge from the PDS sensors in the first

100 ns of the flash.

The Opt0 fraction describes the agreement between the total light yield measured

and

the hypothesis. Positive (negative) fractions correspond to an over(under) estimation of

the light hypothesis. Using the amplitude of the early pulses accounts for possible effects

of optical hit finding algorithms that may also cluster late light into the same hit, as

deconvolution introduces smearing in the waveforms. Their distributions are depicted in

Figure 6.19. In general, the light hypothesis of energetic showers is overestimated. This

drives the difference between the background and signal distributions in Figure 6.19-Left.
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The use of the collected light charge serves as a crosscheck to the TPC information as

it is not biased by a wrong clustering of the TPC hits.
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Figure 6.19: Left: distribution of the Opt0 fraction for background and signal slices.
Center and right: total charge and amplitude collected in the first 100 ns of the matched
flash. The first low energy peak of the signal distributions is caused by the fraction of
events produced by KDAR which tend to leave less energy inside the detector.

It is important to note that the BDT has been trained without timing information, as

the time of the matched optical flash is transversal to the other variables employed.

BDT properties

The BDT model was constructed using the XGBoost package [196] due to its short
training duration and comparable performance to other machine learning approaches
such as random forests [197] and support vector machines [198]. The structure of the
BDT is described in Appendix C. Both signal and background samples were split to
perform the training. The training was performed using the HNL sample corresponding
to a mass of 100 MeV. After training, the BDT performance was evaluated across all
simulated mass points to ensure that it captures general features independent of the

HNL mass.

6.7.3 Results

The results on the training and validation samples are shown in Figure 6.20. Good
consistency between both samples is achieved, and no significant over-fitting of the

model is observed.

The distributions of the simulated BDT scores corresponding to the total 3-year data-
taking of SBND and divided by interaction type are shown in Figure 6.21 in absolute
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Figure 6.20: Fraction of signal and background events as a function of the BDT score
for the train and validation samples. For better visualization, the 5th root of the score

is shown.
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Figure 6.21: Left: distribution of signal and background slices by type as a function
of the BDT score for three years of data. The normalized distributions are shown on
the right. The backgrounds are normalized to the total number of background events.
For better visualization, the 5th root of the score is shown.

numbers for three years of data (Left) and density (Right). The backgrounds are nor-
malized to the total number of background events expected. The training successfully

leaves a population of background events comparable to the signal size.

Since most of the sensitivity comes from the tails outside the expected BNB bunches,
the BDT score has been selected to allow for a significant fraction of the signal to pass,

while maintaining the tails almost background free. This can be seen in Figure 6.22 for
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a cut on a 0.5 score, which leaves ~25% of the signal slices (650) after preselection (see
Table 6.2) while reducing the backgrounds by a factor of x2000, from the starting 1.5

million to only 680 slices.
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Figure 6.22: Time distribution of signal and background slices (all bunches combined)
with a BDT score greater than 0.5. The statistical uncertainty is shown with error
bands. The difference in relative errors comes from the difference in the scaling factors
of the available samples.

To choose the BDT score (BDTg) cut value the purity (selected signal slices over the
total selected slices) and efficiency (selected signal slices over total signal slices) curves
were analyzed for the benchmark mass (100 MeV). The total number of HNL events or
Pandora slices at the SBND detector depends on the unknown |U, u4|2 coupling. Because
of this, the purity numbers are not fixed but rather depend on the particular coupling
used to generate the MC samples for the HNL signal. This is illustrated in Figure 6.23 for
values of |Uu4|2 =1x107%and 2 x 107°. As expected, lower coupling values correspond
to lower numbers of signal events for the same detector exposure, and the fraction of
signal over background events decreases. Another feature observed is the fluctuations
in the background distribution which appear for BDTg > 0.5. This is caused by the
limited size of the BNB inclusive sample. For this reason, no values BDTg > 0.5 have

been used for the analysis.

No significant variations on the final results were observed for different BDT score cuts
in the range of [0.4, 0.6]. The value BDTg = 0.5 was chosen as an aggressive cut (before
statistic fluctuations appear in the background). To serve as a crosscheck with more
background events a conservative cut of BDTg = 0.3 was established. They correspond
to a signal selection efficiency (after preselection) of 25% and 50% respectively. Com-
bined with the preselection efficiency (50%), the conservative and aggressive selections

retain 25% and 12.5% of HNL events arriving at SBND during the beam window. The
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Figure 6.23: Efficiency and purity curves for a HNL mass of 100 MeV and different
values of |U,4|? as a function of the BDT score cut. Preselection cuts are already

applied.

main background is, as expected, the NC7¥ contribution (37% of the background for

the aggressive selection) with the rest distributed evenly in mis-reconstructed slices of

different types. One of the main limitations of the analysis is the low statistics of the

SM BNB inclusive sample (Rockbox sample) due to the large rejection factor.

Signal Background
BDT score | HNL Background NCr? CCvr,

Cut Slices Eff [7] Slices Eff [7] Slices Eff [ %] Slices Eff [7]
None | 2644 100.00 1528699 100.00 158297  100.00 20015 100.00
0.10 | 2011 76.06 12665 0.83 4976 3.14 1066 5.32
0.20 | 1626 61.52 5976 0.39 2335 1.48 376 1.88
0.30 | 1281 48.46 2987 0.20 1279 0.81 173 0.86
0.40 946 35.81 1491 0.10 619 0.39 90 0.45
0.50 653 24.71 680 0.04 253 0.16 27 0.14
0.60 398 15.07 187 0.01 132 0.08 10 0.05
0.70 208 7.89 87 0.01 40 0.03 2 0.01
0.80 66 2.50 54 0.00 10 0.01 0 0.00

Table 6.2: Number of signal and background events left after different cuts in the BDT
score for the validation sample with an HNL mass of 100 MeV and a |U, H4|200upling

of 2 x 107°. The values used for conservative (0.3) and aggressive (0.5) selections are
highlighted. The total SBND exposure assumed was 102! POT.

The time distributions for all the mass samples produced are shown in Appendices D

and E. In the next section, prospects for the future SBND performance assuming an

enhancement on the PDS reconstruction are given using the true timing distributions.
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6.7.4 Future prospects: studies with truth variables

To assess the impact of future improvements in the reconstruction chain, a selection

using truth information was performed. In particular, two enhancements are proposed.

First, an increase of the intrinsic PDS time resolution, which allows SBND to better
resolve the BNB buckets. With better PDS time resolution, less SM neutrinos from the

beam are reconstructed in the regions between buckets.

To perform the analysis, the true timing distributions of signal and background at
SBND’s upstream wall are used, smearing them assuming a fixed PDS resolution that
follows a Gaussian distribution. The current resolution of SBND PDS resolving BNB
interactions is 2.34 ns [127] or 1.94 ns after subtracting the intrinsic 1.3 ns width of the
BNB proton bunches [83]. An overall timing resolution of 1.7 ns corresponding with
an intrinsic 1 ns PDS resolution is assumed. This optimistic scenario is motivated by
the high frequency readouts of the PMTs (500 MHz) and is compatible with the best
results obtained using deconvolved waveforms from the PMT system [127]. To increase
the overall timing resolution a fit to the rise profile of the raw PMT waveforms could
be performed (each PMT signal contains at least 3 samples in the rising edge). The
truth distributions for signal and background before and after the smearing are shown
in Figure 6.24 for an HNL of 100 MeV.

Then, an enhancement in the selection is also assumed. A global 30 % reconstruction
efficiency of HNL events is taken, while 25 % was obtained for the conservative selection
using reconstructed variables. In addition, the background rejection efficiency is set
to the aggressive BDT cut level. This represents a factor of two increase in the signal
selection efficiency while maintaining the same background suppression, which is feasible
given the standard tools are not tuned to reconstruct very-forward shower pairs and thus
can be further optimized for this search such as the Wirecell reconstruction and Deep

Learning techniques such as 3D convolutional neural networks.

The current reconstruction algorithms identify correctly 20% of the events as two recon-
structed showers, another 20% as one track and one shower, 20% as a single shower, and
the rest are combinations of multiple shower and track objects in a single slice. More
sophisticated analyses can split the selections in different mass ranges and reconstruction
cases (single shower, two showers, one shower and one track). Adding the information
from the angle between the two showers (when both are reconstructed) and the angle
of the leading shower with the beam direction will require a specific BDT training for

each mass point as they depend on the HNL mass.
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Figure 6.24: Left and right: truth (¢ = 1.3 ns) and smeared truth (¢ = 1.7 ns) arrival
distributions at SBND for an HNL signal of 100 MeV and |U,4|?= 2 x 107° and the
SM backgrounds. All bunches are merged taking the modulus (typstream%18.93 ns) of
the arrival time at the SBND upstream wall.

The distributions for all the HNL mass points considered are given in Appendix F. In the

next Chapter the timing histograms obtained in this selection using both reconstructed

and truth variables are used to estimate the SBND sensitivity to HNLs in the low mass
range [10-150] MeV.



Chapter 7

SBND sensitivity to HNLs
decaying into

electron-positron-neutrino

In this chapter the expected sensitivity of SBND to a muon-coupled heavy neutral
lepton produced from kaon two body decays and decaying in SBND into an electron-
positron pair and a neutrino in the [10-150] MeV range is computed. The uncertainty
treatment is detailed in Section 7.1. The procedure followed to compute the exclusion
limits is described in Section 7.2. Section 7.3 summarizes the results obtained using
the two selections described in Section 6.7 (aggressive and conservative) considering
reconstructed variables and the projection estimated with truth information outlined in

Section 6.7.

7.1 Uncertainty treatment

This is the first search of HNLs into an electron-positron pair and a neutrino in SBND.
The author produced the signal samples employed and participated in the production of
the background samples (SM neutrinos from the BNB and cosmic muons). This search
requires a high purity sample, and thus, a high background rejection factor. For this rea-
son, the statistical uncertainties in the background samples described in the next pages
were found to be the major limitation. Previous cross-section selections in SBND using
the same simulation framework estimate an overall 12.5%-13% systematic uncertainty
[188, 199] in both track-like and shower-like topologies, below the statistical error of
the background in this analysis. For the signal sample, both statistical and systematic

uncertainties are comparable (5-10%). In the following, only statistical uncertainties
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are considered. They are estimated assuming that each bin in the time distributions
obtained in the previous chapter follows a Poisson distribution with variance N, being
N the number of counts in that bin. The statistical uncertainty associated to the ¢ bin

is:

oi = /N; (7.1)

It is important to note that the statistical uncertainty is estimated at the original gen-
erated samples size, that is, without multiplying by their respective scaling factor. For
example the errors of bins in Figure 7.1-Right are larger due to the big scaling factor
(22.16) of the Rockbox SM neutrino sample. From the original distributions the final

uncertainty is taken as:

g; = \/Ni X SF (7.2)

with Sg the scaling factor of the samples (see Appendix B) and N; the original counts in
bin ¢ before the scaling. Statistical uncertainties dominate the background uncertainty as
the generated MC sample of SM neutrinos from the BNB corresponds to roughly 450,000
neutrino interactions the biggest sample available as the MC is under development. For
a complete three-year data taking of SBND (102! POT), around 10 million neutrino

interactions are expected.
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Figure 7.1: Uncertainties considered for the HNL signal (left) and SM backgrounds
(right). In both cases, the size of the generated MC samples (with a large statistical
uncertainty associated) is the main limitation.

Figure 7.1 shows the statistical uncertainty in the arrival time distribution for the HNL
signal and SM backgrounds in the conservative selection. While the signal uncertainty

oscillates between 5%—-10%, the background uncertainty varies from 20% up to 100% in
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the bins with fewer events. In bins with no entries the statistical uncertainty is set as

the Poisson standard deviation of £1.148.

In future analyses, not limited by the samples sizes, a careful treatment of the uncertain-
ties (beam flux, detector systematics, neutrino-argon cross section ...) must be taken
into account. For example, the signal suffer mainly from the uncertainties on the kaon
flux: the POT counting, the intensity and fluctuations of the magnetic horn... Other
HNL analysis have quantified the systematic uncertainties from the BNB flux between
5% and 10%. For the background case, in addition to the flux there are uncertainties
that arise from the modeling of the neutrino interactions with the argon from the active

volume and are estimated using the GENIE software.

7.2 Limit setting

The exclusion limits are estimated using a likelihood-based hypothesis test. The ob-
servable used to perform the test is the expected arrival time distribution at the SBND
upstream wall. For a given exposure of the detector, the expectation value of the number

of events or slices (see Chapter 6) in each time bin i is given by:

where s; and b; are the number of entries from the signal and background distributions
in that bin. The parameter of interest (u) is proportional to the number of signal events
and thus to ’Uu4|4- In general, other parameters may affect the number of signal and
background events. For example, the uncertainty in the amount of delivered protons by
the BNB or the value of the magnetic field of the focusing horn changes the total flux
of neutrino events. Noting these nuisance parameters with 8, the two hypotheses for an

exclusion test can be written as:

Null hypothesis: Hgp = H(u = 1,0) (7.4)
Test hypothesis: H, = H(pu =0, 0). (7.5)

Following a frequentist approach and specifying a confidence level (CL) we can reject the
null hypothesis, that is, that the observed data is compatible with a signal of HNL over
the neutrino and cosmic backgrounds. In the absence of significative signal (the data

is compatible with the SM prediction) this method allows p to be constrained under a
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limit value (pexc) as bigger values than piey. would have introduced significant differences

between the background-only model and the observed data.

For SBND, no data is yet available and the estimated exclusion limits in Section 7.3
are performed assuming no HNL signal is found for three years of data equivalent to an
exposure of 102! POT.

7.2.1 Likelihood-based tests

In particle physics, a common practice for computing test statistics from multi-binned
histograms of data is the use of likelihood-based functions [200]. In a general case, the
likelihood function, L(u, @), is built assuming each bin in the histogram follows a Poisson

distribution:

P (i + b
L(p0) = [[ e 0=t [[eo(anl0) (7.6)
i=1 v )
Poisson product Nuisance parameters

The first term in Equation 7.6 is the product of the Poisson distribution in each bin while
the second are the constraint terms cg(ag|f) with a measurement ay on the nuisance
parameter § € 6. Constraint terms can parametrize the systematic uncertainties, for
example, the uncertainty in the POT counting from the BNB. Then, the profile likelihood

ratio [200] is taken as:

Ap) = ———== (7.7)

with é(u) the value of 0 that maximizes L for a given y, and L(j1, 8) the unconditional
maximized likelihood for the best fit of the parameters (i, #) to the observed data.
Since the presence of HNLs can only increase the expected number of events, a slightly
modified version of the ratio is defined for cases where numerical solutions with i < 0
may appear:

) L(p,0(1)) 9(#)) <0
Aw) = § H040) (7.9

v (%59))) pzo

Following Equation 7.8, a test statistic for upper limits can be derived [200]:
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o Kb 4 g
—2InA(p) a<p L(0.9(0)
Q= =4 —2ln b)) g <5<y (7.9)
0 f> L(f1,0)
0 >

and the associated probability density function (PDF) f(g,|u) for a given pair of u, fi.

7.2.2 CL, Method

Once the PDF's are estimated, the probabilities (in a frequentist interpretation) of the
signal 4+ background and background only hypotheses can be obtained by integrating:

Doty = / £(@uls + b)dg, (7.10)
q

n- | " 1(@lb)da, (7.11)

where pgyp represents the probability of the signal + background hypothesis to produce a
more background-like result than the data, and p, the probability of the only-background
hypothesis producing a more signal-like result. This is depicted in Figure 7.2 where the
shaded areas correspond to the respective probabilities of only-background and back-

ground plus signal hypothesis.
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Figure 7.2: Example of g, distributions using the asymptotic approximation. The
distribution is shown for an expected signal strength p corresponding to a CLg < 0.1.
The expected ¢ value is shown in red.

Finally, a criteria is needed to associate probabilities or p-values of the hypotheses
with the physical parameters of interest. Historically, the approach developed for Higgs

searches at LEP [201] assumes the experiment is close to the discovery limit with a
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significant background present and a (potentially) small signal. To reduce the effects of

statistical fluctuation the ratio CLg is defined as:

_ CLs+b _ DPs+b

CL = .
° CLy 1—p

(7.12)

Because the denominator will always be smaller or equal to one, the CLy > CLgy
relation holds, making C'Lg a conservative estimation. The upper limit is the value
lexe = Mo such as that 1 — CL; < « with a = 0.1 corresponding to a confidence level of
90%. Similarly, variations from the central value CLg can be computed. They provide

an estimation of how sensitive the result is to a small variation in the observed data.

To estimate the PDFs and compute the exclusion limits the pyhf package was used [202,
203]. The module provides a Python interface for the HistFactory software implemented
in ROOT [204]. To find the closest p value to the CL required, pyhf scans a range of u
values, calculating the PDF's for each one using asymptotic approximations. To validate
the performance, the results of the package were compared with analytical formulas
finding good agreement ([205] and references therein). In particular, the results merging
and splitting the signal and backgrounds in multiple bins were compared to the exclusion

formula under the Asimov approximation for a counting experiment.

Once the exclusion limit pex. has been found, the corresponding ]UM\Q coupling is de-
rived from the number of signal events (S) following S o |U,4|* (see Appendix B). For the
determination of the HNL exclusion limits presented in the next section, the background
and signal histograms obtained in Section 6.7 are employed. The background-only dis-
tribution contains only cosmic and BNB-neutrino events, while the background + signal

hypothesis consist of the sum of both the SM and the HNL distributions.

7.3 Results

Table 7.1 summarizes the expected exclusion limits of SBND to a p-coupled Majorana
HNL produced from kaon two body decays for different mass points: 10, 35, 50, 75, 100,
125, 150 MeV and three years of data (102! POT). The three selections considered are
detailed in Section 6.7:

e The conservative selection: corresponding to a BDT score cut of 0.3. Distributions

for each mass point are shown in Appendix D.

e The aggressive selection: corresponding to a BDT score cut of 0.5. Distributions

for each mass point are shown in Appendix E.
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e The projected sensitivity, assuming an enhancement of both reconstruction and
time resolution of the SBND subsystems. Distributions input to pyhf can be
found in Appendix F.

Mass [MeV] | Expected |U,4|> Limit +1o -1o +20 -20

10 3.95 x1073 5.79 x1073 | 2.8 x1073 | 7.95 x1073 | 2.0 x1073
o 35 7.71 x107° 1.11 x107* | 5.38 x107® | 1.54 x10~* | 3.95 x10~°
;5 50 2.46 x107° 3.55 x107° | 1.72 x107° | 4.92 x10™° | 1.26 x10~°
> 75 6.65 x10~6 9.58 x107% | 4.64 x107% | 1.33 x107° | 3.39 x107°
3 100 2.28 x1076 3.28 x1076 | 1.59 x107% | 4.51 x1076 | 1.16 x107°
g 125 9.87 x10~7 1.42 x1076 | 6.89 x10~7 | 1.97 x1076 | 5.04 x10~"
O 150 4.4 x10~7 6.35 x10~7 | 3.07 x10~7 | 8.79 x10~7 | 2.23 x10~7

10 3.3 x1073 4.84 x1073 | 2.33 x1072 | 6.68 x1073 | 1.66 x10~3
o 35 6.57 x107° 9.48 x107° | 4.58 x107° | 1.32 x10™* | 3.36 x107°
.g 50 2.11 x107° 3.05 x107° | 1.47 x107° | 4.24 x10™° | 1.08 x107°
% 75 5.69 x10~6 8.22 x107% | 3.97 x107% | 1.14 x107° | 2.9 x107°
) 100 2.02 x10~6 2.92 x1076 | 1.41 x107% | 4.01 x107% | 1.03 x10~6
& 125 8.86 x10~7 1.28 x107% | 6.19 x1077 | 1.77 x1076 | 4.54 x10~7

150 4.32 x1077 6.25 x1077 | 3.02 x10~7 | 8.64 x10~7 | 2.19 x10~7

10 1.61 x1073 2.19 x1073 | 1.18 x1073 | 2.96 x10~2 | 8.96 x10~*
g 35 2.94 x107° 4.03 x1075 | 2.19 x1075 | 5.29 x1075 | 1.68 x107
= 50 9.36 x1076 1.28 x10™ | 6.92 x1076 | 1.68 x107° | 5.29 x10~6
g 75 2.45 x1076 3.29 x107% | 1.82 x1076 | 4.31 x1076 | 1.41 x106
5 100 8.03 x1077 1.10 x1075 | 5.92 x1077 | 1.45 x107°¢ | 4.54 x10~7
g 125 3.38 x10~7 4.59 x10~7 | 2.50 x10~7 | 6.01 x10~7 | 1.93 x10~7
) 150 1.60 x10~7 2.22 x1077 | 1.17 x1077 | 2.97 x10~7 | 8.90 x10~8

Table 7.1: Summary of expected limits on the coupling |U,4|* of Majorana HNLs at
90% C.L. predicted for three years of SBND data or 102! POT.

Figure 7.3 shows the exclusion limits at 90% confidence level for the conservative and
aggressive selections with the 10 and 20 bands. The results are similar between the
aggressive and conservative (less affected by statistical uncertainties of the background)
selections. The sensitivity is driven mainly by the side-band bins away from the beam
bunch which are background free in both cases for this selection. For the conservative
selection this represents values of |Uu4|2 varying from 3.3 x 1073 for the lower mass
up to 4.4 x 107 for a 150 MeV HNL signal. The aggressive selection, with a superior
background suppression (x4 factor) improves the results by ~10%. Both selections are

compatible within the uncertainties considered.

Figure 7.4 presents the central values obtained for the conservative and aggressive selec-
tions as well as the estimation with truth information assuming an increasing factor of
two in the timing resolution and the signal selection efficiency. For the estimation using

truth information, both enhancements play a significant role. The increase of signal
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Figure 7.3: Plots showing the upper limits at 90% CL on the mixing element |U,,4|* for
different Majorana HNL masses for both the conservative (left) and aggressive (right)
selections in three years of SBND data or 10?! POT.

selection efficiency represents a factor of x1.55 in the |U,4|? limit, while the increase in
the time resolution improves the result by a factor of x1.6. This shows SBND capabili-
ties to achieve better results in the near future, when more sophisticated reconstruction

techniques are employed.
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Figure 7.4: |U, #4\2 upper limits at 90% CL comparison between the reconstructed and
the truth approach for the vee final state for different Majorana HNL masses in three
years of SBND data or 10%!.

Additional features could be exploited such as the angular dependence of the energy
spectra of SM neutrinos. For the NCn® background in the case where both showers
are reconstructed, an estimation of the invariant mass may allow to separate both pop-
ulations. If the electron-positron pair is reconstructed in a single shower, a precise
determination of the dF/dz is key to distinguish HNL events from the the CCr, back-
grounds as CCr, events are started by a single electron. Thus, this search could benefit
from specific tunings of the shower clustering algorithms that identify forward-focused
showers. Different approaches such as convolutional neural networks could be applied to
improve the clustering of both shower and track topologies [206, 207]. Finally, specific

selections for each HNL mass can improve the signal selection efficiency as both the
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opening angle between the electrons and the angle of the leading shower and the beam

increase with the HNL mass.

For the timing resolution, the current optical hit-finding of the PMT reconstruction
uses a single point of each PMT waveform (the rise time) to determine the time of
the optical hit. A fit to the complete rising profile & la MicroBooNE [83] will increase
the hit timing resolution and thus, the flash time resolution. To better estimate the
photon propagation, the drift coordinate can be determined with TPC information. For
example, the Pandora vertex of the slice (cm resolution) could be used once the flash
and TPC info has been matched. In addition, time studies with raw waveforms may

prevent the artifacts and smearing effects caused by the deconvolution workflow.

7.3.1 Comparison with other experiments

The results obtained in this analysis for the aggressive selection are compared with
reported values from different experiments [65, 67-69, 208] in Figure 7.5. The projected
result assuming a factor of x2 increase in SBND timing resolution and signal selection
efficiency is also shown. The current SBND reconstruction chain is capable of producing
a competitive first result using ns-timing for a physics analysis in this channel assuming

three years of data (10%!).

Both aggressive and conservative selections improve the result obtained by MicroBooNE,
the leading experiment in the 30-175 MeV range. In both cases there is a kinematic
variable that separates the SM neutrino backgrounds from the signal. In SBND, that
variable is the absolute arrival time at SBND, which is delayed for the HNLs. In Micro-
BooNE, the analysis assumes HNLs are produced by the NuMI absorber, approaching
the detector in almost the opposite direction compared to the neutrinos from the NuMI
beam target. For this reason, both searches can produce comparable results if the ex-
pected number of HNLs in both detectors is similar. For comparison, the MicroBooNE
analysis after a minimal preselection predicts approximately 1300 HNL events in the
detector from the NuMI beam for an HNL mass of 100 MeV and a |U,4|?= 2 x 1075 [65].
For the same coupling and mass, a total 2644 HNL events are expected in SBND’s fidu-
cial volume from the BNB with three years of data applying the preselection described

in Section 6.7.

The searches in the low mass range are led by the SIN [208] and PIENU [68] results.
In both cases, the decay from positive stopping pions was measured with high statistics
looking for peaks in the energy spectrum of the outgoing muon. Although SBND’s result

is not competitive in the low mass range, the HNL production from pion decays has not
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been included in this work and will improve the limit presented in Figure 7.5 for HNL

events with a mass below 30 MeV.
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Figure 7.5: Upper limits on the coupling |Uu4|2 at the 90% confidence level for Ma-
jorana HNLs in the mass range of 1 < mpy < 175 MeV. SBND expected limits for an

exposure of 102! POT are compared with existing experimental results, including SIN
[208], PIENU [68], MicroBooNE [65] and PS191 [67].

In the next decade, DUNE, using its gaseous near detector (NDGAr), will be able
to explore beyond the limits of these MeV-scale HNLs by an order of magnitude for
HNL masses up to 490 MeV thanks to its superior statistics and a reduced neutrino
background due to the lower density of the target [209]. Above the kaon mass, the SHiP
experiment at CERN will look for p-coupled HNLs with masses up to 5 GeV [210].



Conclusions

The Short-Baseline Near Detector (SBND) at Fermilab has been installed and filled with
liquid argon. The experiment is being commissioned and early physics runs have begun.
In the upcoming years, SBND and the Short-Baseline Neutrino (SBN) program will
test the light sterile neutrino (~ 1 eV) hypothesis and perform other Beyond Standard
Model (BSM) searches measuring with high precision the neutrino flux of the Booster
Neutrino Beam (BNB).

Novel photon detection systems will be tested in SBND. 192 X-ARAPUCA photo-sensor
modules, a new technology that traps the incoming photons in a highly reflective box
equipped with silicon photo-multipliers (SiPMs), have been installed. They will operate
for three years in cryogenic conditions capturing liquid argon scintillation photons and
the visible light produced by the TPB-coated reflective foils placed in the middle of the

detector.

To better understand and characterize SBND’s X-ARAPUCA system, two pTP-coated
units have been tested in liquid argon at CIEMAT. A complete suite of tools to an-
alyze the laboratory data was also developed. Measurements of the X-ARAPUCAs
photon detection efficiency (PDE) to the vacuum ultraviolet (VUV) scintillation light
were performed using the light produced by alpha particles from a radioactive source.
Thanks to the use of four reference Hamamatsu VUV4 SiPMs in the setup whose effi-
ciency is known, the measurements are independent of the purity of the liquid argon.
X-ARAPUCAS equipped with Hamamatsu S13360-6050-VE SiPMs and Glass to Power
Blue wavelength-shifter bar showed PDE values to VUV light between 1.99% and 2.29%
for overvoltages in the 2-3 V range. The VUV efficiency of X~-ARAPUCAs with Onsemi
MICROFC-30050-SMT SiPMs and Eljen EJ-286 wavelength-shifter bar was a bit lower
than previous configuration in the 1.27%-2.20% range for overvoltages of 3.25 V and
5.75 V due to the lower efficiency of the Onsemi SiPMs and Eljen WLS bar.

The transmittance of the dichroic filters in the low-visible range (~ 400 nm) highly
depends on the angle of incidence (AOI) of the light. For this reason, part of the
visible light emitted by the TPB is captured unintendedly by the coated X-ARAPUCAs.

143
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A laser centered at 420 nm (close to the TPB emission peak) was used to measure
the X-ARAPUCA PDE to the 420 nm visible light. A PDE to the visible light as a
function of the AOI was estimated. Taking into account the angular distributions at the
CIEMAT setup and SBND, an average PDE to visible light at SBND was estimated.
The PDE4o0nm values were found to be in the 0.3%-0.45% range for both X-ARAPUCA

units.

From calibration data runs, the correlated crosstalk was estimated. The measured
crosstalk values of the Onsemi X-ARAPUCA (20.5%42.4%) are consistently higher
than the ones of the Hamamatsu X-ARAPUCA (6%-10%), as expected based on the
SiPM performance reported by manufacturers. Data taken with the 420 nm laser at
high intensity showed no deviation of the X-ARAPUCA from the linear regime up to
800 PEs, above the charge range expected at SBND.

Several developments were added to the SBND X-ARAPUCA signal simulation and
reconstruction. The measured PDE and crosstalk values were included in the simula-
tions. A realistic response of the X~ARAPUCA sensors was derived using data from a
cryogenic test-stand at Fermilab. The detector simulation was also updated to better re-
produce the continuous behavior of the pulses. A deconvolution and Gauss filtering was
applied to remove the undershooting of the detector response and recover the original
photon distribution. The optical hit and flash reconstruction algorithms were optimized

to increase the reconstruction efficiency and the timing resolution.

The performance of the light detection system was evaluated using a sample of simu-
lated Standard Model (SM) neutrinos from the BNB with a cosmic-muon overlay. The
overall reconstruction efficiency of interacions with the X-ARAPUCA system is 92.2%.
On average, the detected light yield by the X-ARAPUCA system was estimated in 7.7
PE/MeV, varying with the energy deposition distance to the photon detection system
(PDE). The three spatial coordinates of the interaction were reconstructed with a res-
olution between 19-27 cm using only light information, which serves as a crosscheck
to the TPC system. Selecting neutrino events with more than 200 MeV of deposited
energy, an interaction time resolution of 3.05 £ 0.04 ns was obtained using only the X-
ARAPUCA system, sufficient to resolve the BNB bunch structure. This is of particular
importance in the search of massive BSM particles that can be produced by the BNB,
as they propagate slower due to their heavier mass and arrive at SBND after the SM
neutrinos. A precise timing allows searches between the BNB bunches in regions free of

backgrounds from the SM neutrinos produced by the beam.

I performed the first sensitivity estimation of the search for p-coupled heavy neutral

leptons (HNLs) produced in kaon two-body decays from the BNB, and decaying into
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an electron-positron pair and a neutrino in SBND. To simulate the HNL events, I in-
corporated the complete BNB meson flux to MeVPrtl, the BSM Monte Carlo (MC)
generator of the SBN program. I participated in the validation and integration of the
simulated channel in SBND’s simulation framework, and generated the HNL samples
between 10 and 150 MeV used in the analysis. The simulated signal and background
events underwent a complete detector simulation. I used the results from the current
SBND reconstruction chain combining information from the photon detection system,
the TPC and the cosmic-ray tagger systems to train a dedicated boosted decision tree
that selects HNL events. The HNL selection efficiency is 12.5% suppressing the con-
tamination from SM events by more than a factor of 103. In addition, future sensitivity
assuming an enhancement of the signal selection efficiency and the timing resolution was
estimated. The obtained selections were used to produce exclusion limits to p-coupled
HNLs in this channel assuming no signal is observed after three years of data. The
resulting limits to the |U,4|?parameter, with values in the [3.30 x 1073-4.32 x 1077
range, are world-leading surpassing MicroBooNE’s results in the 30-150 MeV range.
This demonstrates SBND’s capabilities in this type of search.

In my firsts years I participated in the data taking and analysis of different prototypes
of the DUNE X-ARAPUCA models. The light reconstruction developments applied in
SBND have also been shared with the DUNE PDS group. During my stays at Fermilab
I participated in the installation and commissioning of the SBND PDS. Thanks to the
grant received from the Fermilab Neutrino Physics Center, I was able to stay at Fermilab
developing the calibration software tools for the SBND X-ARAPUCASs using the late

light pulses from scintillation signals (not included in this thesis).

In the upcoming years, SBND and the SBN program will record millions of neutrino
events allowing the search for physics beyond the Standard Model, improving our un-
derstanding of the neutrino interactions, and paving the way for the next generation of

LArTPC experiments.
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Appendix A

Analytical toy-model for the
VUV PDE study

In the setup described in Chapter 3 the charge spectra from LAr scintillation light
produced by alpha particles from a radioactive source, and measured by two SBND
X-ARAPUCA modules and four reference Hamamatsu VUV4 SiPMs is analyzed.

The charge distributions of light signals detected by the sensors followed a Gaussian
distribution in all cases except for the X-ARAPUCA (see Figure A.1). To explain the
shape of this spectrum I developed an analytic model under a simple assumption: the
flux seen by the X-ARAPUCA (and the other light sensors) is proportional to the solid
angle subtended by their surfaces at the point where the « particle was emitted from

the 241 Am source:

101 T T T T T T T T

[ All events
pr—— After cuts
10%} Ny Thy i F P
2 i h r‘-,bw 1
§ 102 e il . b
o =B ,
g ]
100 1 1 1 1 1 1 1 1
200 300 400 500 600 0 20 40 60 80 100
Onsemi X-ARAPUCA Total charge [PEs] Frontal SiPMs Total charge [PEs]

Figure A.1: Charge spectrum of alpha runs for the coated Onsemi X-ARAPUCA
(Left) and the sum of the reference SiPMs 289 and 290 placed in front of the « source
(Right) before (blue) and after the event selection using the F90 ratio (orange).

172
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Qz//sﬁ;jé. (A1)

with r the distance from the « particle to the surface patch, n is the unitary vector

from the origin and da is is the differential area of a surface patch. This is equivalent
to assume an isotropic, point-like emission of the photons with negligible propagation
effects. Since the length traveled by the alpha particle is O(pum) we can assume the
as stop immediately and photons are produced in the surface of the 2! Am source.
Because the sensor’s surfaces are rectangles, it is convenient to write Eq A.1 in Cartesian

coordinates:

e zdxdy zy 1,91
= = arct A2
/yo /mo (12 +y2 + 22)3/2 arctan (2(332 +y2 + z2)1/2> ( )

Z0,Y0

where z is the distance from the light production point to the sensor plane and 1, y0,1
the corners of the sensor surface rectangle. The emission point is assumed to be at (0,0,0).
The probability density function of the ! Am events as a function of the solid angle

(Q0) relates to the points in the alpha source surface (S, ) that meet the requirement:

POa)= [ [ 0100~ 90.r € Su sourc)lrabar (A.3)

No analytic solution to Eq A.3 with Eq A.2 as input was found, hence it was solved

numerically with Monte Carlo methods.

X-ARAPUCA Solid Angle

. Alpha source

Density

X-ARAPUCA
window

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
Solid Angle [sr]

Figure A.2: Monte Carlo simulation computing the solid angle following Eq A.2 for
50,000 points randomly distributed on the « source surface (Left). The solid angle
distribution is shown on the right. The left plot shows the simulated points with a
color that corresponds to their respective solid angle.

The effect that drives the charge distribution shape then becomes clear: the alpha

source has a diameter @=2.2 cm. The SiPMs are small enough (6x6 mm?) to appear as
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Method | Sensor Solid angle [sr]
Analytic X-ARAPUCA | 1.029
Frontal SiPMs | 0.0242
G4 X-ARAPUCA | 1.02 + 0.02
Frontal SiPMs | 0.0242 40,0006

Table A.1: Values for the mean solid angle for both reference sensors in front of the
alpha source and the X~-ARAPUCA. The geometric VUV factor is the ratio between
them, as the a source emission is isotropic. The methods agree within 1% level.

point-like and are placed symmetrically with respect to the alpha source perpendicular
axis. On the other hand, the alpha source and the X-ARAPUCA window surfaces are

orthogonal and their sizes are comparable to the distance between them. The photons

produced by « particles closer to the X-ARAPUCA see a bigger (x4 than the ones far

from it as depicted in Fig A.2.

The solid angles for the X-ARAPUCA and the reference SiPMs for both the analytic
and G4 methods are presented on Table A.1. Both methods agree within the errors
considered, and thus, the ratio between the SiPMs and X-ARAPUCA solid angles is
taken as the geometrical ratio between them, used in Chapter 3 to compute the X-
ARAPUCA PDE to the VUV light.



Appendix B

Monte Carlo samples produced
for the HNL analysis

B.1 Signal samples

For the analysis carried out, a total of 50,000 HNL events in the N — veTe™ decay
channel with cosmic rays overlaid were produced per HNL mass point. The samples
were processed through the complete SBND simulation and reconstruction workflow.
The mass points and couplings are summarized in Table B.1. The couplings are chosen
as such their values are close to the sensitivity limits set by MicroBooNE in this mass
region [211]. The number of equivalent POT (protons on target) for each mass is also
indicated. Using this information the signal and background samples can be scaled to
the expected SBND three years dataset (10?! POT).

HNL s [MeV] U a2 POT
10 3.32 x1073  1.54x10%
35 3.82 x10™*  5.38x10'7
50 2.96 x10~% 9.42x10'6
75 2.96 x10™*  6.51x10"
100 2.00 x107° 1.90x107
125 2.00 x10™® 3.80x10'6
150 5.99 x10~7 1.07x10'

Table B.1: Masses and couplings of the produced samples for the N — e*e~v channel.

The HNL sample at each mass point can be scaled to different couplings |Uu4|2- This is
because the HNL production (Equation 5.2) depends at first order on |U,4|? and decay
widths (Equations 5.5, 5.7 and 5.8) also depend on the square of the mixing |U,4|?.
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Thus, the number of HNLs at SBND is, at first order, proportional to the 4th power of

the mixing coupling and the following relation holds:

Nunss/|Upal* = Nignpe/ 10}l (B.1)

where N is the number of HNLs at the reference and final couplings. Equation B.1 can

be used to re-scale samples produced at the same HNL mass for a different coupling

( ,24)3

Ual?*
Nines = Nanes X | 5575 | - B.2

HNLs HNLs <| UMP) (B.2)
As it only approximates the complete decay probability, Equation B.2 has been verified
numerically with variations in the number of HNLs below the percent level for HNL

samples generated with different couplings in the range |U,4|*= [1073-1077].

B.2 Background samples

To model the backgrounds, four Monte Carlo samples have been generated: a sample
containing SM neutrinos with cosmic rays overlaid, a sample of only cosmic muons to
count for the events that are not triggered by a neutrino but with a cosmic ray in time
with the beam window, and two enriched samples for the backgrounds that can mimic
a N — ete v signal (NCr” and CCu, events). A complete simulation of the trigger is
not performed. A 100% trigger efficiency is assumed given the PMT trigger thresholds
will be low enough to trigger most of the neutrino and HNL events. The properties and
the normalization factors (weights) to the expected 10*! POT are described below for

each MC sample.

1. The Rockbox sample consists of neutrino interactions with cosmic rays occur-
ring within the readout windows. The statistics of the sample is 527,437 events,
equivalent to 4.51 x 10'? POT and 3.00 x 10% beam spills. A scale factor is calcu-
lated to normalize the sample to the target POT as

Target POT 1 x 10%!

Rockbox Scale Factor = -
OERDOL Scate Bactor = o i bor Sample POT  4.51 x 1019

—=22.16 (B.3)

The target neutrino beam spills after normalization are 6.64 x 107.
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2. The cosmic-only sample accounts for in-time cosmic events. The statistics of
the sample is 115,557 events, equivalent to 9.85 x 109 beam spills. The target
cosmic beam spills are the number of beam spills that do not produce neutrino-
triggered events, and assuming that HNL-triggered beam spills are negligible. The
target total beam spills expected for the target POT is

Target POT _1x 102!
Averaged POT Per Spill 5 x 1012

=2.00 x 108
(B.4)

The target cosmic beam spills are calculated by subtracting the neutrino triggered

Target Total Beam Spills =

beam spills:

Target Cosmic Beam Spills = Target Total Beam Spills
— Target Neutrino Beam Spills

B.5)
= 2.00 x 10° — 6.64 x 107
=1.34 x 10
The scale factor to normalize the cosmic-only sample the target POT is
) Target Cosmic Beam Spills ~ 1.34 x 108
C Scale Factor = = = 13.57
osmte weare fractor Sample Cosmic Beam Spills  9.85 x 106
(B.6)

3. The enriched NC7¥ sample has a filter applied to keep NC7¥ interactions
inside the active volume at the generation stage, and an additional filter to keep
only events inside the fiducial volume at the analysis stage. The enriched sample
contains 56,525 NC7¥ events in the SBND fiducial volume (FV) after filtering. The
same filtered events are completely removed from the Rockbox sample, equivalent
to 12,932 events. The events from the enriched sample and Rockbox are combined

into a single sample, adding to a total of

Total NC° Events = Enriched Sample NCr® Events
+ Rockbox: Sample NCr° Events
= 56,525 4 12,932
= 69,457
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The scale factor to normalize to the target POT for this sample is calculated as

Rockbox Sample NCr® Events
NCr" Scale Factor =
Cn Scale Factor Total NCO70 Events
_ 12,932

_ 99.1
60,457 < 2%10

=4.13

x Rockbox Scale Factor

(B.8)

4. The enriched CCv, sample has similar filters described as above, to keep only
CCu, interactions in the FV. The enriched sample contains 22,562 FV C'Cv, events
after filtering. The same filtered events are completely removed from the Rockbox
sample, equivalent to 1,399 events. The combined sample from the enriched and

the Rockbox samples contains a total number of events of

Total CCv, FEvents = Enriched Sample CCv, Events
+ Rockbox Sample CCv, Events
= 22,562 + 1,399
= 23,961

The scale factor to normalize to the target POT for this sample is calculated as

E
CCv, Scale Factor = Rockbox Sample CCve Events X Rockbox Scale Factor
Total CCv, Events

= 1,39 x 22.16
23,961

=1.29

(B.10)



Appendix C

XGBoost BDT model

The following model was trained on half the HNL signal and the SM (BNB neutrinos
and cosmic-ray muons) background data samples. The HNL selection is explained in

detail in Chapter 6.

# Booster parameters

param[’eta’] 0.02 # learning rate

param[’max_depth’] 10 # maximum depth of a tree

param[’subsample’] 0.6 # fraction of events to train tree on

param[’colsample_bytree’] 0.8 # fraction of features to train tree

on

# Learning task parameters
param[’objective’] = ’binary:logistic’ # objective function

param[’objective’] = ’reg:squaredlogerror’ # objective function

num_trees = 200 # number of trees to make

booster = xgb.train(param,train,num_boost_round=num_trees)

Listing C.1: BDT chosen parameters
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Appendix D

Arrival time distributions in the

conservative selection

Arrival time distributions of HNLs, SM neutrinos and cosmic muons passing the con-
servative selection are presented. Details of the selection of HNL events are provided in

Chapter 6. They correspond to a BDT score cut of 0.3.
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Figure D.1: Arrival time distributions of HNLs, SM neutrinos and cosmic muons
passing the conservative selection, normalized to the exposure of 1 x 102! POT. HNLs
of mass my: [10, 35, 50, 75] MeV are normalized to the listed coupling |U,4[*.
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Figure D.2: Arrival time distributions of HNLs, SM neutrinos and cosmic muons
passing the conservative selection, normalized to the exposure of 1 x 102! POT. HNLs
of mass my: [100, 125, 150] MeV are normalized to the listed coupling |U,.4|?.



Appendix E

Arrival time distributions in the

aggressive selection

Arrival time distributions of HNLs, SM neutrinos and cosmic muons passing the ag-
gressive selection are presented. Details of the selection of HNL events are provided in

Chapter 6. They correspond to a BDT score cut of 0.5.
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Figure E.1: Arrival time distributions of HNLs, SM neutrinos and cosmic muons
passing the aggressive selection, normalized to the exposure of 1 x 102! POT. HNLs of
mass my: [10, 35, 50, 75] MeV are normalized to the listed coupling |U,.4|*.
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Figure E.2: Arrival time distributions of HNLs, SM neutrinos and cosmic muons after
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my: [100, 125, 150] MeV is normalized to the listed coupling |U,,4/*.



Appendix F

Arrival time distributions in the

smeared true selection

Arrival time distributions of HNLs, SM neutrinos and cosmic muons acquired by smear-
ing true variables under the assumption of a timing resolution improvement are pre-
sented. Descriptions of the arrival time distribution and details of the smearing process
are provided in Chapter 6. For displaying purposes, a coupling corresponding to approx.

1500 HNL events after selection is computed.
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Figure F.1: Arrival time distributions of HNLs, SM neutrinos and cosmic muons
under the assumption of a timing resolution improvement, normalized to the exposure
of 1 x 102" POT. HNLs of mass my: [10, 35, 50, 75] MeV are normalized to the listed
coupling |U,.4|%.
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Figure F.2: Arrival time distributions of HNLs, SM neutrinos and cosmic muons
under the assumption of a timing resolution improvement, normalized to the exposure
of 1 x 10! POT. HNLs of mass my: [100, 125, 150] MeV are normalized to the listed
coupling |U,.4|%.
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