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Abstract

Observations of low energy neutrinos from astrophysical sources are performed currently by
either liquid scintillator detectors or water Cherenkov detectors. To date, liquid scintillator
detection in particular is the only technique that allows precision spectroscopy of sub-MeV
solar neutrinos, as demonstrated by the Borexino detector at the Gran Sasso National Lab-
oratory in Italy. This is made possible by the high light-yield of the scintillation, which is
also responsible for a low energy threshold of ~ 0.2 MeV, together with the unprecedented
radio-purity of the detector materials. In contrast, water Cherenkov detectors are only able
to measure solar ®B neutrinos above a few MeV with high precision. They reconstruct the
event direction via the corresponding Cherenkov photon hits, to differentiate between the
solar neutrino signal and the background events. A combination of the directional Cherenkov
information and the high light-yield and low energy threshold of the scintillation spectroscopy
can enable an unprecedented precision in the measurement of solar neutrinos and other
physics goals. Exploring this novel hybrid detection approach, this thesis describes the first
measurement of sub-MeV solar neutrinos using their associated directional Cherenkov pho-
tons, as well as a directional measurement of the CNO-neutrino rate, using the Borexino
detector. These analyses are based on the specially developed Correlated and Integrated
Directionality method, where the individual photon hits of the events are correlated to the
known position of the Sun. The integration of these angular hit values over a large number of
events allows the statistical inference of the number of solar neutrino events. The directional
measurement of the 0.862 MeV line of the "Be-neutrinos is performed in an energy window
between 0.56 MeV to 0.76 MeV, which is selected through the dominant scintillation light.
The measured rate is R(7Be)CID = 51.6ﬂ%g (stat. + syst.)cpd/100t, with an exclusion of
the zero neutrino hypothesis of > 6. The directional measurement of the CNO-neutrino
rate is performed in an energy region between 0.85 MeV to 1.3 MeV. The measured rate is
Reno = 7.21’% (stat. + syst.)cpd/100t, with an exclusion of the zero CNO-neutrino hypoth-
esis of > 50. These results correspond to the first detection of low energy solar neutrinos
using only their directional Cherenkov information in a large-scale, high light-yield scintillator
detector. Additionally, this is also a very direct proof of the solar origin of the "Be- and
CNO-neutrino signal events. This demonstration of a directional sensitivity in a monolithic
liquid scintillator target provides an experimental proof-of-principle for the concept of hybrid
event detection, which could be implemented in future, purpose-built neutrino detectors.
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Introduction

This thesis presents the first directional detection and measurement of low energy neutrinos
produced in the Sun. This is done with the Borexino detector, that uses about 280t of liquid
scintillator as a target material. Here, solar neutrinos scatter elastically off the target electrons,
which then excite the scintillator, that subsequently emits scintillation light. These recoil-
electrons also emit Cherenkov photons, which are strongly sub-dominant to the scintillation.
The measurements presented in this thesis are based on these Cherenkov photon hits, in
contrast to the typical scintillation spectroscopy of the Borexino experiment.

For this task a novel analysis technique has been developed, validated and optimised. This
has been done through the development of new software tools and necessary changes in the
existing Monte Carlo model framework of the experiment. The systematic uncertainties have
been investigated and quantified through the variation of the different data selection and fit
parameters, through the use of calibration sources and background events outside the region of
interest, and through toy Monte Carlo studies, as well as more complex pseudo data analyses
that include the full detector response.

The thesis is divided into eight chapters. The first Chapter 1 provides a rough introduction
on solar neutrinos, with a focus on the neutrino flavour oscillations, as well as an overview
of neutrino production processes inside the Sun and the solar neutrino flux predicted by
the Standard Solar Model. It also gives an overview of solar neutrino detectors, to provide
a context for the novelty of the analyses in this thesis. The second Chapter 2 describes
the Borexino detector, gives an overview of the signal and background components and
explains the reconstruction and particle discrimination algorithms used in this thesis. The third
Chapter 3 then explains the Correlated and Integrated Directionality, as well as the changes
introduced in the existing Borexino Monte Carlo simulation.

The next two Chapters 4 and 5 present the measurement of the effective scintillation group
velocity and the effective Cherenkov group velocity correction, respectively. These parameters
are important for the time-of-flight correction of the detected photon hits, which allows for a
time sorting of the Cherenkov and scintillation hits and therefore improve the sensitivity of
the analysis. The Chapter 6 provides a first experimental proof-of-principle for the feasibility
of a directionality based analysis in a liquid scintillator detector, using the sub-MeV "Be-
neutrinos. This analysis provides important lessons and avenues for improvement, which are
implemented in the Chapter 7, where the CNO-neutrino rate is measured. Here, the potential
systematic uncertainties are investigated in a more sophisticated and in-depth fashion. The last
Chapter 8 summarises the results of this thesis and gives an outlook for the potential future use
of the Correlated and Integrated Directionality in upcoming or proposed neutrino detectors.

This work has been performed in the context of the analysis group of the Borexino
collaboration and it therefore includes work by people other than myself. These individuals
and their direct contributions are explicitly mentioned at the beginning of each chapter to
which they have contributed.






Chapter 1

Solar Neutrinos

The direct study of solar neutrinos has been of interest since at least 1968, where radio-
chemical experiments [1, 2, 3] proved that fusion provided the energy of the Sun. At the
same time, the measured neutrino flux was significantly lower than the Standard Solar Model
predictions. This led to the so called solar neutrino problem and its subsequent solution
through the experimental discovery of neutrino flavour oscillations and a non-zero neutrino
mass [4, 5, 6]. Solar neutrinos continue to be of great interest as they stand at the crossroad
between astro-, nuclear- and particle physics. On one hand, they can be used as astrophysical
messengers, probing the nuclear processes in the deep interior of our Sun in real time. At the
same time, the large solar neutrino flux can be used to measure the properties of the neutrinos
themselves and to search for physics beyond the Standard Model of particle physics.

This chapter introduces the basic concepts of neutrino physics and the production processes
of solar neutrinos, to provide a context for the measurement of solar neutrinos performed
in this thesis. First, Section 1.1 gives a short description of neutrinos in the framework of
the Standard Model of particle physics, including the neutrino flavour oscillation in vacuum
and in matter. The second Section 1.2 explains the principles behind the production of solar
neutrinos, and it provides a description of the Standard Solar Model with its predicted neutrino
flux. The last Section 1.3 gives an overview of different types of solar neutrino detectors,
as the topic of this thesis is the development of a new, hybrid detection method for solar
neutrinos.

Although the histories of the Standard Model of particle physics and the Standard Solar
Model are both a rich and interesting topic, they will not be discussed here in any detail. A
good overview can be found for example in [7], or other textbooks. Likewise, there exist
a wide range of different neutrino sources, such as the atmosphere, accelerators, reactors,
Supernovae, the earth (geo-neutrinos) and so on. While they all provide a rich field of scientific
discovery, they are beyond the scope of this thesis and will therefore not be discussed further.

1.1 Properties of Neutrinos

The existence of neutrinos has been first proposed by Pauli in 1930 [8] as a potential expla-
nation for the continuous energy spectrum of electrons emitted in the B-decay. This was
unexpected at the time, as the f-decay was assumed to be a two-body process, which should
provide a mono-energetic electron. By adding a third, neutral decay particle with spin 1/2,
the experiment could be made compatible again with the conservation of energy.

In the following years Fermi [9] proposed a first version of the weak interaction framework,
including the neutrino. The theory was now in agreement with the experimental data of the
time. Fermi already came to the conclusion that the rest mass of the neutrino is either zero or
at least very small with respect to the mass of the electron, based on the shape of the electron
energy endpoint region'. Then, in 1956 Cowan and Reines provided the first observation of

A method that is still used in the current measurements of the neutrino mass in the KATRIN experiment [10].
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the (electron anti-)neutrino [11], using a nuclear reactor as a neutrino source, resulting in the
award of the Nobel Prize [12]

Since then neutrinos have been observed from a wide range of sources, both natural and
man-made, from the Earth itself, the atmosphere, the Sun, from a supernova, nuclear reactors
and from particle accelerators. This section is intended to provide a short description of the
neutrinos, with a focus on their flavour oscillations and their relationship to solar neutrinos. A
deeper introduction to the fundamentals of neutrino physics can be found in textbooks, such
as [13], while the particle Data Group [14] provides a comprehensive review of the entire field
of particle physics.

1.1.1 Neutrinos in the Standard Model of particle physics

The Standard Model of particle physics [14] (SM) is one of the most successful theories of
physics, which elegantly describes three of the four known fundamental forces (the electro-
magnetic, the weak and the strong interactions) in the framework of quantum field theory.
The success of the SM comes from its ability to provide predictions for a variety of particle
properties that have been confirmed with remarkable precision. Probably most famously in
recent times was its prediction of the Higgs particle, detected in 2012 [15, 16, 17].

The SM is based on the gauge group SU(3)c x SU(2)., x U(1)y, where the C, L and Y
denote color charge, left-handed chirality and weak hypercharge, respectively. There are the
eight massless gluons that mediate strong interactions, corresponding to the eight generators
of SU(3)¢, while the electroweak interactions are governed by three massive gauge bosons
(W= and Z°) and one massless boson (the photon 7).

The interaction of neutrinos is only governed by the electroweak part of the SM, which
is mediated either through the weak Charged Current (CC) via the exchange of the W*
(mw ~ 80GeV [14]) bosons or through the weak Neutral Current (NC), via the exchange of
the Z° boson (mz ~ 91 GeV [14]). They gain their mass through their interaction with the
Higgs field through the electroweak symmetry breaking. The large masses of the exchange
bosons are the reason for the relatively small cross-sections seen in the weak interactions of
neutrinos, which are on the order of 10~**cm~2 at MeV scales (see Figure 2.3 in the next
chapter). This necessitates large target masses, to measure even large fluxes, such as is the
case for solar neutrinos. Figure 1.1 shows examples of the NC, where no charge is exchanged,

and the CC interactions.
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FIGURE 1.1: Examplary trilinear couplings of the weak neutral current (left) and the weak charged
current (right), represented by Feynman diagrams.

e

The decay width of Z° depends on the number of light, active (left handed) neutrinos
states. Therefore, the measurement of this Z° decay width it is possible to infer the number
these active neutrino states. At present the measurement provided N, = 2.984 +-0.008 [14].
Thus, nature provides a number of three generations of fermions, divided in two categories of
quarks and leptons, where the neutrinos are named after their corresponding charged lepton:

The gauge bosons Z° and W™ couple only to left-handed particles or right-handed anti-
particles, due to the maximal parity violating nature of weak interactions. Therefore, the
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Generation 1 2 3

e (electron) U (muon) T (tau)

Leptons . . .
V. (electron-neutrino) v, (muon-neutrino)  V; (tau-neutrino)

left-handed charged leptons and their corresponding neutrinos form a doublet state of the
weak interaction, while the right-handed charged leptons are described by singlet states:

Ly = (‘;’) Eri=()p  [={en1} (1.1)
L

In the SM, the masses of the charged fermions are generated via the Yukawa coupling
of the scalar Higgs field to the right-handed charged lepton fields Er and left-handed lepton
doublets L;, of the fermion. However, since the SM does not contain right-handed neutrinos,
no Yukawa coupling can be built for the neutrinos. Consequently, neutrinos are truly massless
fermions in the SM, where there is neither mixing nor CP violation.

Currently, the absolute neutrino mass is being measured by such experiments as KA-
TRIN [10] or Project8 [18], both of which investigate the f~-decay spectrum of tritium.
However, the best current constrain of the neutrino mass comes from the Planck measurements
of the cosmic microwave background [19] as Y m, < 0.12eV (95%). It has to be noted here,
that the observation of neutrino flavour oscillations exclude a neutrino mass of exactly zero.
The small, but non-zero neutrino mass is in need of an explanation, for which a number of
mass models exit [20]. Some mass models make the realisation of a Dirac mass in principle
possible, but this would require the existence of right handed neutrino states. These states
would be inactive and are called sterile neutrinos. While they would not participate in the
weak interaction they would still be accessible through flavour oscillations. Here, the existence
of light (eV-scale) sterile neutrinos has been significantly constrained in the recent past [21,
22]. Some other mass models require the neutrino to be a Majorana particle, i.e. its own
anti-particle. The experimental search for the Majorana nature of the neutrino is typically
performed through the search for the neutrinoless double beta decay, in a number of different
experiments and with different candidate isotopes [23].

It is quite clear that neutrinos in general continue to be of great interest as there are still
many remaining questions about their nature left open. The experimental evidence for neutrino
masses provided an unambiguous signal of new physics. This evidence came through the
observation of neutrino flavour oscillations in vacuum and matter, which are described in the
following sections.

1.1.2 Neutrino oscillations in vacuum

As mentioned at the beginning of this chapter, the earliest measurements of solar neutrinos
were in disagreement with the expectations, only providing about 30%—50% of the predicted
electron-neutrino flux. The experimental results of atmospheric neutrinos [4], solar neu-
trinos [5, 24] and reactor neutrinos [25], and others, have established the neutrino flavour
oscillations [26] as the reason for the missing solar neutrinos. While all solar neutrinos are
produced as electron-neutrinos, some of them oscillate into muon- or tau-neutrinos, giving
rise to the apparent loss of solar neutrinos in the measurement. This phenomenon is energy
dependent and requires a non-zero neutrino mass, contrary to the Standard Model.

The oscillations emerge because the neutrinos are produced via the weak-interaction in
their flavour eigenstates |V,), |Vy), |Vz), Which are linear combinations of the Hamiltonian
(mass) eigenstates |v;), |v2), |v3). Thus, a flavour eigenstate |vy) is linked to the mass
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eigenstates |Vy) through the Pontecorvo-Maki-Nakagawa-Sakata [27, 28] (PMNS) mixing
matrix U, which is a unitary 3 x 3 matrix:

3
Va) = Y, Ugi [ Vi)

U, T
Vi) = Z Uk |Va)
a

(1.2)

The time evolution of the flavour state in vacuum | V) can be described by the solution of the
Schrodinger equation in the plane wave approximation:

3 e,u,T 3 )
Ve (2) Z e vy =Y <Z U;ke—’Eka,gk> vg) (1.3)

B \k=1

Here, the unitarity of U is used to express of the pure flavour state |vy) (r = 0) as a su-
perposition of different flavour states evolving in time. In other words, the different mass
eigenstates have a different velocity, resulting in a variation in time of the relative mass phases.
Thus, depending on the time of observation, the flavour eigenstate has a certain probability
P(a — B)(t) of being detected either as its original flavour at o time of production, or as
different flavour f3:

P(oc— B)(1) = | (v Va0 = ¥ UeaUplla U e (550 (14)
k7.j

The oscillation probability P(oc — )(¢) is only influenced by the relative phase AE;t =
(Ex — E;)t between the different mass eigenstates. In the highly relativistic case the energy E;

can be approximated as:
)
Ei =|pi| = Ei=\/p?+m? ~E+ﬁ (1.5)

Additionally, the travel time ¢ can be well approximated by the distance traveled L>. The
oscillation probability can then be written as:

Am? L
Pla— B)(E.L) = 8,5 —4 Y. R |UuUpiUa, U | sin2< o ) (1.6)
k>j
Ami.L
* * . J

It can be seen that the mass-splitting Am,% ; must be non-zero for at least one combination
of mass eigenstates to allow for oscillations and that L/E is the physical value over which the
oscillation can be experimentally accessed. The values of Am% ; are realised in nature in such
a way, that different experiments are sensitive to different oscillation parameters. A global
analysis of neutrino experiments [26] results in mass splittings of Am3, = (7.35+0.17) -
1075eV? and Am3, =~ Am3, (2.4554-0.035) - 10~eV?2. The first squared-mass difference
Am3, is responsible for the oscillation of solar neutrinos, while the oscillation of atmospheric
neutrinos is influenced more by Am%l. For example, if an experiment is sensitive to the small
solar mass splitting Am3,, such that Am3,L/4E = 1, then the corresponding oscillation phase
for Am3, is Am3,L/4E > 1 and therefore averaged to (sin’x) = 1/2, independent of L/E.

2In natural units
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For the opposite case, where Am3,L/4E = 1 it also follows that Am3,L/4E < 1, meaning that
these solar terms do not not contribute to the oscillation of atmospheric neutrinos.

For this reason the PMNS-matrix is typically represented as a multiplication of three
matrices, that depend on the mixing angles 0;,, 03, 6>3. Given the assumption that neutrinos
are Dirac particles a phase factor 6 can introduce a violation of the charge-parity (CP)
symmetry, if it is different from zero. Should neutrinos be Majorana particles, i.e. their own
antiparticle, two additional phase factors can exist.

1 0 0 c13 0 S13efiacP crp s O
U=1|0 ¢33 53 0 1 0 —s12 c1p O (1.8)
0 —s23 23 —S13ei5CP 0 C13 0 0 1

Here, the mixing angles sin 6y, cos 6;; are abbreviated as s;; and ¢y, respectively. Typi-
cally, solar neutrino experiments and short-baseline reactor experiments are sensitive to the
oscillation parameters (Am% 1» 612), while atmospheric neutrino experiments and long-baseline
accelerator experiments are sensitive to the oscillation parameters (‘Amé‘ ,023). It is worth
to note that matter effects in the Sun make it possible to constrain the sign of the solar mass
splitting Am%1 to be positive, while the sign of the atmospheric mass-splitting is still unknown.
Therefore, two possible arrangements of the mass hierarchy are possible: The normal ordering
with m; < mp < mj3 or the inverted ordering, with m3 < m; < mj.

It is possible to simplify the three neutrino scenario to describe the neutrino oscillation
with an effective model considering only two neutrinos, due to the decoupling effect of the
large difference between the mass-splittings Am%1 and Am%3. In this case the mixing matrix U
is given by a rotation matrix, with a single angle 6 = 0y,. For solar neutrinos this corresponds
to the rightmost matrix of Equation 1.8. The probability that a neutrino is detected in the same
flavour eigenstate |v,) in which it has been produced is called survival probability. In the
simplified two neutrino case it can be written as:

2
P(a — a)(E,L) = 1 —sin*(26)sin’ (A;"EL> (1.9)

For solar neutrinos the survival probability due to oscillations in vacuum is effectively
averaged out. The reason for this is the large size of L in combination with the detector energy
resolution and the relative large size of the fusion zone, where solar neutrinos are produced:

1,
(Pyolar, vacuum (€ — €)) = 1 — 3 sin” (26y7) (1.10)

In Borexino, and in this thesis, the expected rate of solar neutrino events in the detector is
calculated using the oscillation parameters in the normal ordering, from the global analysis
presented in [26]. The global best fit values are summarised in Table 1.1.

1.1.3 Neutrino oscillation matter effect

Due to their weakly interacting nature, the neutrinos that are produced in the centre of the Sun
are well able to escape the dense stellar core and can therefore be used as a direct probe of the
nuclear processes in the Sun. At the same time, the solar neutrinos experience an influence of
the matter potential on their way out of the Sun, which causes a significant, energy dependent
change in the electron-neutrino survival probability.

The idea of neutrino oscillations in matter was first proposed in [29], with additional
contributions in [30], resulting in the name of Mikheyev-Smirnov-Wolfenstein (MSW) effect,
after the authors. Ultimately, the solar neutrino problem has been solved by the combination
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Parameter Ordering Best fit 1o range
Am3, /10 5eV? Both 734 720-7.51

Normal 3.04 291 -3.18
Inverted 3.03 2.90-3.17

Normal 2.14 2.07-2.23
Inverted 2.18 2.11-2.26

Normal  2.455 2.423 -2.490
Inverted  2.441 2.406 —2.474

Normal 5.51 4.81-5.70
Inverted 5.57 5.33-5.74

Normal 1.32 1.14 -1.55
Inverted 1.52 1.37 - 1.66

sin” @y,/10~!

sin” @;3/1072
|Amy3| /1073eV?

sin® 63/107!

6C1>/7f

TABLE 1.1: Best fit values and allowed 10 region of the neutrino oscillation parameters, for the normal
and inverted mass ordering. From the global fit performed in [26].

of vacuum oscillations and the MSW effect. This is the so called LMA-MSW (large mixing
angle) solution, due to the (unexpectedly) large size of the solar mixing angle 61;.

The MSW effect relies on the fact that ordinary matter is made up of electrons. Therefore,
the v, can interact with electrons with both the CC and NC, while v, ; can only interact via
the NC. This introduces an additional potential for v,, that is dependent to the Fermi constant
G and on the electron density N, of the matter:

Vee = V2GgN, (1.11)

In the following, the MSW effect is illustrated in the two neutrino (V,, V,) approximation.
The evolution of a neutrino state with initial flavour ¢ is described by the Schrodinger

equation:
d (v 1 (m 0 (v k(i
“ - =H 1.12
o (w) 2E <0 m3 ) \v2 Va (112

Here H* is the diagonal Hamiltonian matrix (mass matrix), meaning the mass eigenstates in
vacuum are eigenstates of H*. Using the mixing matrix U, the Hamiltonian matrix can be
written in the representation of flavour eigenstates with the mixing angle 6y, = 0:

Lo
H"‘:UH"U':<

2 2 w12 2 i
s m73 cos? 0 +m3sin® 6 (mz_m%)smecos@) (1.13)

(m% — m%) sin@ cos 6 m% sin 0 + m% cosZ 0

In the presence of matter the mass of v, is modified trough an additional potential with a value
of Vcci

oa_ pya Vee 0

Transforming this matrix back into the mass representation (vy, v,) results in:

1
H,’;:UTH,S‘IU—<

m% +2c0s?0EVee  2cos 0sin OE Ve (1.15)
 2E ‘

2cosOsin OEVcc m% +2sin? OEVcc
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The neutrino mass eigenstates in matter (Vy,,, Va,,) are now different from the mass eigen-
states in the vacuum, due to the coherent forward-scattering off electrons. The additional
on-diagonal terms will alter the effective mass squared difference and thus change the oscilla-
tion lengths, while the off-diagonal allows the transition between mass eigenstates. However,
if the electron density n, is constant or varies only slowly (adiabaticity) then the so called
crossing probability is negligible. Therefore, the neutrino oscillations can now be described
in terms of the effective matter eigenvalues (m%m, m%m), their mass splitting Am2, and the
effective mixing angle 6,,:

1
Mo = 3 [m% +m3+EVee T \/(EVCC — Am?, c0s26)” + (Am3, 5in26)’ (1.16)
P \/(EVCC — Am3, c0520)” + (Am2, sin26)° (1.17)

Am3, sin26

Am2,

It can be seen from the above equations, that for very small neutrino energies the matter
effects can become negligible. In the Sun this is the case for neutrino energies below 1 MeV,
where the survival probability is given by the vacuum oscillation. Furthermore, the condition
EVce = Am%1 co0s 20 results in a matter enhanced resonance, maximising the mixing angle
sin26,, = 1. What is most interesting in the context of solar neutrinos is that for large values
of EVc the mixing angle can become very small sin26,, — 0 as the effective mass splitting
in matter is Am2, o< EVc. This is the case in the centre of the Sun for neutrino energies
above 10 MeV. These neutrinos are now produced in the electron flavour, but since 0, ~ 33°
they are associated entirely to the mass eigenstate v,,,. The neutrino then leaves the Sun
in the corresponding vacuum mass eigenstate v, as the density profile of the Sun changes
adiabatically. Because v, has a larger admixture of v, than v, (or vice versa v; has a larger
admixture of v, than of v,) this has the consequence that the electron neutrino survival
probability P.. is now decreased due to the matter effect. It follows for sufficiently large
neutrino energies (in the two neutrino approximation):

sin26,, = (1.18)

P = |Up| =sin® 6y (1.19)
08— L T T T ]

E 1 FIGURE 1.2: The electron-neutrino
o 4 survival probability P as a function
o6F- "Be 4 of the neutrino energy. The vacuum os-

- fon | cillation is shown as a grey band, while

of 05 B — the MSW-LMA prediction is shown as
o 3 ’ ] apink band. The data points show the
r 1 results of the Borexino measurement
0sbE _| of solar neutrinos at different energies,

E 1 named after their production process.

02 1 10 Taken from [31].
Neutrino energy (MeV)

This is illustrated in Figure 1.2, where P,, is plotted against the solar neutrino energy. The
vacuum oscillation of the LMA parameters is shown as a grey band around P,, ~ 54%, while
the MSW effect introduces a transition region between ~ 1 MeV-10MeV, after which the
matter effect defines the value of P,, ~ 33%. The data points show the result of the Borexino
neutrino spectroscopy [31], that is well in agreement with the MSW-LMA solution.
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Additionally, the MSW effect also plays a role for the neutrino propagation through the
matter of the Earth [32]. The electron neutrino flux is expected to be partially regenerated,
leading to an increase of the measured neutrino interaction rates during night time. The
Earth matter effect is small and proportional to the neutrino energy; for 10 MeV neutrinos it
regenerates on average about ~ 3% of the v, flux in the detector at night.

1.2 Standard Solar Model

Standard Solar Models (SSMs) constitute a well-defined framework that provides a description
of the Sun at the present time, from which predictions can be made. They provide a well
defined reference for different fields of research, ranging from solar and stellar modeling to
solar neutrinos and particle physics. This section provides a short introduction to the SSM, as
it is used for the calculation of the expected fluxes of the solar neutrinos. More details can be
found in [7, 33, 34, 35].

The actual predictions of the SSM require detailed model calculations, using underlying
assumption of the stellar evolution, summarised as follows:

* The Sun is in a hydrostatic equilibrium, meaning that the radiative and particle pressure
of the model is balanced by the gravitational attraction.

* The energy transport is dominated by radiative processes for the interior of the Sun and
by convection for its outer layer. Additional transport due to acoustic or gravity waves
are considered negligible in the SSM.

* The primary energy source of the Sun is the nuclear fusion of four protons into a Helium
nucleus, which produces the observable solar luminosity and neutrinos. Typically, small
effects of contraction or expansion are also included in the SSM.

* The primordial solar interior is assumed to be chemically homogeneous and changes
in the local abundances of individual isotopes occur only by nuclear reactions. This
implies that mass loss is negligible during the life time of the Sun.

Given these assumptions, the SSM is then the result of the evolution of a 1 Mg, stellar
model up to the present solar age 7o = 4.57Gyr. The SSM is required to match the solar
luminosity L, the solar radius R, and the surface (photospheric) metal®-to-hydrogen ratio
(Z/X),,, at the present time 7.,. The calibration of the SSM is done by adjusting the mixing
length parameter (ogrr) and the initial helium (Yj,i) and metal (Z;,;) mass fractions. These
three parameters are correlated with each other, as they all depend on the three observational
constraints. The SSM is of importance not only for the understanding of solar physics but for
astrophysics in general, as it constitutes a benchmark for stellar evolution models. Additionally,
the SSMs depend on other physical inputs, such as the radiative opacities, cross sections of
nuclear reactions and others.

1.2.1 Energy and neutrino production in the Sun

The Sun is powered by two sets of nuclear reactions, where four protons are fused into one
Helium nucleus, which releases an energy of 26.7 MeV. These sets are the pp-chain [36] and
the CNO—(:ycle4 [37, 38, 39]. The solar neutrino fluxes can be predicted from the SSM by
estimating these nuclear reaction rates. They depend on the fusion cross sections, temperature,

3Here every element heavier than helium is called a metal, as is usual in Astronomy.
4 Also known as Bethe—Weizsicker cycle.
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nuclei density, and chemical composition inside the Sun. In general, the interaction rate R
between two nuclei can be written as [7]:

. ngny

14+ Oup
Here, n,, n; are the particle densities, o the energy dependent cross-section, v their relative
velocity and J,, is used to avoid double counting of identical nuclei. The temperature averaged
product (ov) assumes a Maxwell-Boltzmann distribution. This does not provide the particles
with enough energy to overcome the Coulomb barrier, given thermal energies of several keV
inside the Sun. Thus, the fusion reactions are possible thanks to quantum tunneling, which
provides an energy dependent probability to cross the Coulomb potential of the respective
fusion reaction. The cross sections o are of fundamental importance as input parameters for
the SSM, but they are hard to measure at the solar energies due to their small size. Therefore,
they are typically extrapolated through Taylor expansion from higher energy measurements,
or through ab initio calculations, when possible. See [40] for more details on the solar fusion
cross sections. Due to this dependence on the particle densities and their temperature, the
different species of solar neutrinos show different radial distributions in their production rate.
All solar neutrinos are produced well within a radius of 0.3R,, while neutrinos produced in
fusion processes involving heavier nuclei tend to have a radial production rate distribution that
is shifted closer to the centre, i.e. to higher temperatures and densities.

(o) (1.20)

pp chain CNO cycle
Pp-v pep-v ]
p+p—>*H+e'+v. pte+p—>2H+v. 2C+p—N+y
Y Y +
0, * 0,
76 2H+p—>°He+y 0.4% BN->BC+e™+
85% 210°%  hep-v i
] ¥
*He+He—>'He+2p | 1 | *He+p—>*Het+e'+v, PCHp—>¥N+y
. . Y
PP ! 15% 14N+pe15o+y L] 170+p%14N+4He
*He+'He—'Be+y
7Be-y 99-87% F 0.‘13% Y 1
- 150%15N+e++ 17F%170+e++
"Bete —>Litve "Be+p—>8B+y ; .
Y ¥
Li+p—>2°He | ¢g.y| eB—%Be'+e*+v. EN+p—>*He+2C| | “O+p—>1F+y
pp-ll Y 1
8 * 4 15 16
Be —=2°He 59565 0w N+p—1°0+y
pp-lll CNO-I CNO-II

FIGURE 1.3: The schematic overview of the Hydrogen fusion from the pp-chain (left) and the
CNO-cycle (right). Taken from [31].

The pp-chain

The pp-chain is responsible for about ~ 99% of the total energy production in the Sun, while
the CNO-cycle accounts for the remaining ~ 1%. It is shown schematically in 1.3 on the left,
where the neutrinos are named after the nuclei involved their production. The first reaction
step, and basis of the entire pp-chain, is the fusion of protons into a deuteron, either through
pp (99.6%, E, < 0.42MeV) or pep (0.4%, Ey = 1.44MeV) fusion:

pp-v: p+p— H+e +v, (1.21)
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pep-v: p+e +p—2H+v, (1.22)

The 2H then absorbs a proton and afterwards the reaction chain divides into branches that
are called pp-1, pp-11, pp-III and hep, where only the latter three produce neutrinos. In the pp-I
branch two *H fuse directly into “H and two protons are emitted. For the pp-II branch a *H
and “H nucleus produce "Be, which subsequently decays through electron capture into ’Li
and emits a neutrino:

"Be-v: 'Bet+e —'Li+V, (1.23)

The "Be decays with a probability of 89.48% into the ground state of 'Li, emitting a mono-
energetic neutrino with E, = 0.862MeV. For the remaining 10.52% it decays to the first
excited state 'Li* with a subsequent emission of a neutrino with E, = 0.384MeV and a
0.478 MeV y-ray. The pp-II branch then terminates trough the production of two “H via
Li+p—24H.

The pp-III branch starts similar to the pp-II branch, but here the "Be captures a proton,
producing a ®B. This ®B is unstable and its S T—decay provides another neutrino with E, <
15MeV:

5B-v: B®B—%Be*+el+v, (1.24)

The excited ®Be* then dissociates into two “H, closing the pp-III chain. At last, “H is also
produced with a very low fraction of 2- 107> by a proton capture on *H, which produces a
neutrino with E, < 18.77MeV:

hep-v: S H+p—*H+e +v, (1.25)

The CNO-cycle

The CNO-cycle is a catalytic process, which relies on the presence of C, N and O in the Sun.
This is schematically shown in Figure 1.3 on the right. Almost all the energy produced by the
CNO catalysed fusion is due to the CNO-I cycle (CN-cycle) with a small contribution of the
CNO-II cycle (NO-cycle). The CNO-I cycle consists of a loop of reactions that starts with
the proton capture on '*C and ends in the proton capture on >N, again producing a '>C and a
4H. The sub-dominant CNO-II cycle starts with the proton capture on >N and ends with the
proton capture on 7O and the production '“F and *H.

CNO-I:  2C4p—N+ty (1:26)
BN BCtem+v, (Ey<1.20MeV) (1.27)

13C—|—p—> 14N+7 (1.28)

14N—|—p—> 150+,)/ (1.29)

B0 5 BN+ef+v., (E, <1.73MeV) (1.30)

SN+ p — 12C 1 *He (1.31)

CNO-II:  N+p—'°0+y (1.32)
160_|_p_> 17F+}/ (1.33)
"F—"0+e"+v. (E, <1.74MeV) (1.34)

70+ p — 4F 4 *He (1.35)

(1.36)

The CNO-I cycle (CN-cycle) conserves the number abundance of the solar metals, but
changes their distribution as it eventually achieves an equilibrium. In the Sun this leads
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to the conversion of most of the primordial '>C in the core into *N. This change in the
chemical composition over time has an impact on the SSM as it changes, for example, the
core opacity and the heavy element mass fraction Z. The CNO-cycle requires preexisting
metals (C, N and O) to fuse the protons into “*He, where the reactions are characterised by
larger Coulomb barriers than for the pp-chain. As such, the CNO-cycle energy production has
a much steeper temperature dependence compared to the pp-chain. For the CNO-cycle the
energy dependence of the “He production rate is proportional o< 77, while for the pp-chain it
is o< T# [40]. Consequently, while the CNO-cycle is sub-dominant in the Sun, it dominates
the energy production in heavier main-sequence stars.

1.2.2 Solar neutrino flux predictions

1018
1012 o
pp [+0.6%]

10"
"o 4010 7Be [+6%]
£ 100
S Jga pep [+1%] FIGURE 1.4: The energy spectra
x . .
2 107 of the solar neutrinos [41] with the
2 105 8B [+12%)] updated fluxes from [35]. CNO is
3 405 | the sum of the N, 130 and '"F
5 10t — | neutrinos. Taken from [31].
B 108 hep [+30%]

102 -

L /K(
101 1 10

Neutrino energy (MeV)

The SSM provides a complete description of the Sun, after its parameters have been
correctly calibrated. One of its most important predictions is the production rate of solar
neutrinos from the nuclear reactions, described in the previous section. Figure 1.4 shows the
(un-oscillated) energy spectrum of the expected solar neutrino flux at the earth according to
the SSMs of [35], with the uncertainty of the SSM prediction shown in the brackets. The
constituents of the CNO-cycle are shown as dotted, yellow lines, while the neutrinos from
the pp-chain are shown as solid, coloured lines. The pep- and ’Be-neutrinos can be seen as
mono-energetic lines.

As stated in the previous section, the SSM depends on the abundance of chemical elements
in the Sun. These abundances are determined primarily through the spectroscopy of the solar
photo-sphere. For this type of measurement it is necessary to model the solar atmosphere,
to determine its radial temperature and density distribution, as well as performing detailed
radiation transfer calculations. It is then then possible to infer the elemental abundances
from the spectral line distributions. New three-dimensional, time-dependent hydro-dynamical
modeling of the solar atmosphere [42] lead to lower estimations of the solar metallicity by
about ~ 20%, compared to previous estimations [34, 43].

Among other things, the solar metallicity also impacts the opacity and the sound speed
profile of the Sun. Here, helioseismology [44] provides a tool for the investigation of the
interior properties of the Sun, where the measurement of the global acoustic eigenmodes has
allowed the reconstruction of the interior structure of the Sun with great precision. While the
older, high-metallicity SSM predictions are in agreement with the sound speed profiles inferred
from helioseismic data, the newer, low-metallicity SSM predictions show some tension. This
is sometimes called the solar metallicity puzzle. A higher metal abundance increases the
opacity and therefore the temperature of the Sun’s interior, which in turn is correlated to the
production rate of the solar neutrinos. Therefore, a direct measurement of the CNO-v flux is
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interesting because it is correlated directly to the solar metallicity and can help to provide a
solution to the metallicity puzzle [45].

The Borexino measurements are typically compared to, or constrained by, the two different
SSM predictions presented in [35], which is also the case for this thesis. The high-metallicity
model B16-GS98 (HZ-SSM) is calculated with a metal abundance of (Z/X)_ = 0.02292,
while the low-metallicity model B16-AGSS09met (LZ-SSM) has (Z/X) ., = 0.01780. Here,
the metal abundance in the Sun has been calculated with information from the composition
of meteorites in addition to the photospheric measurements. The predictions for the solar
neutrino fluxes (without oscillations) of these two models is shown in Table 1.2:

Flux HZ-SSM (B16-GS98) LZ-SSM (B16-AGSS09met) (HZ-LZ)/HZ
[em2s7!] [cpd/ 100 t] [cpd/ 1001] (%]
pp 5.98 (1+£0.006) - 10'° 6.03 (1£0.005)-10'° —0.84
pep 1.44 (1£0.01)-108 1.46 (140.009) - 108 —1.39
hep 7.98 (1£0.30)-10° 8.25 (140.30) - 10° —3.38
"Be 4.93 (140.06) - 10° 4.50 (14+0.06) -10° +8.72
B 5.46 (140.12)-10° 4.50 (1+0.12)-10° +17.6
BN 2.78 (1£0.15)-108 2.04 (1+£0.14)-108 +26.6
150 2.05(1£0.17)-108 1.44 (1£0.16)-108 +29.8
Tp 5.29 (1£0.20)-10° 3.26 (1£0.18)-10° +38.4
CNO 4.88 (1+0.16)-108 3.51 (1£0.19)-10% +28.1

TABLE 1.2: The predicted neutrino fluxes of the HZ-SSM and LZ-SSM according to [35]. CNO is the
sum of the 1*N, 150 and !F fluxes.

1.3 Solar Neutrino Detectors

While the Sun provides the highest natural neutrino flux on Earth, the detection of neutrinos
is extremely challenging because of the very low reaction cross sections provided by the
weak interaction. Thus, the measurements of solar neutrinos requires large detectors to
gather enough statistics, as well as sufficiently low background levels. For this reason the
typical neutrino detector is situated deep underground, to shield from cosmic rays and cosmic
muon induced background. This section is intended to provide an overview of such solar
neutrino detectors, starting from the historical radio-chemical experiments, to the current
water Cherenkov and liquid scintillator detectors , to proposed future hybrid detectors, using
both scintillation and Cherenkov radiation. The intention here is to provide a context for
the directional and spectral measurement of solar neutrino detection and to highlight future
experiments that may benefit from the new analysis method developed in this thesis. An
overview of the potential, future use of noble liquid (Xenon, Argon) experiments for the
detection of solar neutrinos is left out here, but can be found for example in [46, 47]. A good,
recent review on the future of solar neutrino detection in general can be found in [48].

1.3.1 Radio-chemical detectors

As mentioned previously, the radio-chemical experiments constituted the first generation of
solar neutrino detectors and were critical in the understanding of the solar neutrino problem.
Here, the neutrinos are detected through the CC reaction on a specifically selected target
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isotope, which produces a radioactive daughter nucleus. This daughter nucleus is then
chemically extracted from the target and can then be detected through its own decay signature.
The Homestake experiment [2], named after its location in the Homestake gold mine in the
USA, used the inverse beta decay of 3’Cl:

Cl+v, —» 3 Ar+ e~ (1.37)

This reaction has an energy threshold of 814 keV and the 3’ Ar has a lifetime of 375, ~ 35d.
It was chemically extracted every two months and detected through the 37 Ar electron decay in
small proportional counters. The Homestake experiment in particular gave rise to the solar
neutrino problem and operated between 1967 and 1994. It measured an average neutrino
capture rate of 2.56+0.16(stat.) £0.16(syst.) SNU, compared to the 9.3 4+ 1.3 SNU predicted
by the SSM of that time [2]. The SNU stands for Solar Neutrino Unit, which is a convenient
unit of measurement corresponding to 1073¢ neutrino captures per target nucleus and second.
The principle detection of solar neutrinos was awarded with a part of the Nobel prize in 2002
to R. Davis [3].

The Homestake experiment was then followed by two experiments using the inverse beta
decay of "' Ga: The first was SAGE (Soviet American Gallium Experiment) [49], which began
its activity in 1989 at the Baksan Neutrino Observatory in Russia. While it is still running,
it is renamed and is focused on the so-called gallium anomaly nowadays [50]. The second
was GALLEX (GALLium EXperiment) [51], which ran at the INFN Gran Sasso National
Laboratory in Italy from 1991 to 1997.

TGa+v, > "'Ge+ e~ (1.38)

The detection threshold for 7!Ge of 233 keV is significantly lower than for *’Cl and well
below the 422 keV end point of the pp-neutrino spectrum. For these experiments the measured
neutrino signal was once again smaller than the SSM prediction at about ~ 60%.

The radio-chemical detection method can only provide an integrated measurement of
the solar neutrino flux above a certain energy threshold, but it is not able to separate the
contributions of the different solar neutrino spectra. Today the radio-chemical detection of
solar neutrinos is still an area of ongoing research; an example being the lorandite experiment
(LOREX) [52]. Here, the proposed use of the isotope 2Tl provides a threshold value of only
52keV. The daughter isotope 2Pb has a half-life of several million years and could thus
provide the possibility to measure the average solar neutrino flux over the last million years.

1.3.2 Water Cherenkov detectors

A breakthrough in solar neutrino physics came from the advent of purpose-built water
Cherenkov detectors, in particular the Sudbury Neutrino Observatory (SNO) [53] situated in
a nickel mine in Canada, which was initiated in 1984 explicitly to solve the solar neutrino
problem. The central element of the detector were 1000 t of heavy water (*H,0, D,0) in a
12 m diameter acrylic vessel. The use of heavy water allowed for three different interaction
channels for the solar neutrinos:

Neutral Current (NC):  vx+d — vx+p+n (1.39)
Elastic Scattering (ES): vx+e~ — vx+e~ (1.40)
Charged Current (CC): vx+d — e +p+p (1.41)

While the NC and ES interactions are sensitive to all neutrino flavours, the CC interaction
is sensitive only to electron neutrinos. This way it was possible to directly prove that the total
measured neutrino rate was in good agreement with the predictions of the SSM, but only a
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fraction of the solar neutrinos conserved their electron flavour. This experimental evidence led
to the Nobel Prize in 2015 to A.B. McDonald [6], together with T. Kajita and the associated
results of the Super-Kamiokande experiment.

The fast moving electrons produced in the CC and ES reactions provide Cherenkov
radiation which was detected with ~ 9500 20 cm photo-multiplier tubes (PMTs). The NC
reaction was detected in three different ways for separate phases of the experiment. The
neutrons of the NC reaction were captured on deuterium in Phase 1 and on chlorine from
dissolved NaCl in Phase 2. The subsequent emission of y-rays provided Cherenkov light that
could be detected, due to Compton scattered electrons. In Phase 3 the NC produced neutrons
were detected by an array of *He-filled neutron counters. The principal results of SNO clearly
showed that the solar ®B-neutrinos change their flavour in transit to Earth.

The infrastructure of SNO has been reused for the SNO+ experiment [54], which started
data taking in 2017. In the first operating phase of the experiment the detector was filled with
light water (H,O) and a second phase has started, which uses 780t of liquid scintillator. For
the third phase it is planned to load the scintillator with 3.9t of tellurium. The main goal of
SNO-+ is the search for neutrinoless double beta decay, the detection of which would prove
the Majorana nature of neutrinos, meaning that the neutrino is its own antiparticle. In addition,
the physics program also includes the studies of geo- and reactor antineutrinos, supernova and
solar neutrinos, and exotic physics.

The second important water Cherenkov detector in the context of solar neutrinos is Super-
Kamiokande [55], the successor of Kamiokande (Kamioka Nucleon Decay Experiment).
Kamiokande was initially built to search for the proton decay, but it was able to provide a
direct proof of the solar origin of the detected neutrinos [56] as well as a detection of neutrinos
from the supernova 1987A [57]. For this achievement a part of the Nobel prize was awarded
in 2002 to M. Koshiba [3].

Super-Kamiokande is a large, cylindrical, water Cherenkov detector, containing 50 kt of
ultra-pure water, instrumented with ~ 12000 PMTs, that started data taking in 1997. Here,
the detection channel for solar neutrinos is only given by the ES reaction (Equation 1.40).
The direction of each event can be reconstructed, based on the PMT hit pattern of the recoil-
electron Cherenkov cone. As the direction of the recoil-electron is correlated to the direction
of the solar neutrinos it is possible to efficiently differentiate between the background events
and the solar neutrino signal events.

FIGURE 1.5: Exemplary angular event
distribution in Super-Kamiokande for
3.5MeV to 19.5MeV of kinetic energy
of the recoil-electron. The distribution
of the angle cos O, between the recon-
structed event direction 7. and the in-
coming neutrino direction 7. The data is
shown as black points, while the best fit is 0.1 [
shown as a histogram. The neutrino and
background contributions are shown as
dark and light shaded areas, respectively.
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This is illustrated in Figure 1.5 from [58], which shows the angular distribution cos Oy,
between the reconstructed event direction 7. and the solar neutrino direction 7,. It can be
clearly seen that the background (light shaded area) follows a uniform distribution, while
the solar neutrino signal (dark shaded area) shows a peak at cos Oy, = 1, smeared by the
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resolution of the event direction reconstruction. A typical analysis in water Cherenkov
detectors is performed on this angular distribution, binned for a number of energy regions to
make use of both the directional and spectral information of the solar neutrinos.

Both SNO and Super-Kamiokande provide a low energy threshold for their solar neutrino
analysis at 3.5 MeV [58, 59], for the kinetic energy of the recoil-electrons. This is due to the
combination of the relatively low light-yield of the Cherenkov radiation at these energies, with
only about 30 detected photo-electrons per event, and the presence of a residual radioactive
background in the water. Therefore, water Cherenkov detectors are only sensitive to the high
energy part of the solar neutrino spectrum and have only measured ®B neutrinos, for which
Super-Kamiokande provides the most precise flux measurement [58] to date.

In addition to the solar neutrino program Super-Kamiokande famously provided evidence
for the neutrino oscillation through the measurement of atmospheric neutrinos [4], for which
a Noble prize was awarded in 2015 to T. Kajita [6]. Here, the data exhibited a zenith angle
dependent deficit of muon neutrinos that was inconsistent with the expectations while it was
consistent with the two-flavour v, <+ v; oscillations. Furthermore, Super-Kamiokande was
also used as the far detector for the investigation of accelerator neutrinos from the long-baseline
K2K [60] and T2K [61] experiments, the latter of which is still ongoing.

The next generation of the water Cherenkov concept will be the Hyper-Kamiokande
detector [62], south of the Super-Kamiokande site. It is expected to start data taking in
2027 [63]. It will be filled with 260kt of ultra-pure water, providing a ~ 8 times larger
fiducial volume than Super-Kamiokande, and it will be instrumented with 40 000 PMTs. The
enormous scale of Hyper-Kamiokande will allow it for a rich physics program, ranging from
oscillation studies from accelerator, atmospheric and solar neutrinos, sensitivity studies on the
proton decay, the search for astrophysical neutrinos, and so on. The search for a CP-violating
phase, visible through asymmetries in accelerator neutrino and antineutrino oscillations, is
quoted as one of the major goals of Hyper-Kamiokande.

1.3.3 Liquid scintillator detectors

Liquid scintillator (LS) detectors are the second workhorse of the current generation of solar
neutrino experiments. Charged particles deposit their kinetic energy in the LS, mostly through
ionisation, which excites the LS molecules, resulting in the emission of isotropic scintillation
light. Typically the LS consists of a solvent, for example pseudocumene or linear alkylbenzene,
and a secondary fluorophore ° at a concentration at about 1.5 g/l to 2.5 g/l. This secondary
fluorophore is called a wavelength shifter, as it absorbs the energy from the solvent and then
emits the scintillation light at a wavelength outside of the absorption region of the solvent.
This increases the attenuation length of the scintillation light drastically and makes it possible
to construct large scale LS detectors. Thus, the LS provides a relatively high light-yield per
deposited energy, compared to the light-yield of the Cherenkov process. The main detection
channel of solar neutrinos is again their ES off the target electrons, but now the information on
the neutrino energy is provided by the scintillation. The high light-yield of the LS allows for a
relatively low energy threshold, as well as a high precision position and energy reconstruction,
compared to the water Cherenkov detectors. The solar neutrinos are then typically measured
through a fit of the detected energy spectrum, but without the directional information from the
Cherenkov radiation.

Furthermore, the high light-yield also allows for the efficient detection of electron anti-
neutrino events, which, for example, are produced by nuclear reactors or by the decay of 233U
and 232Th within the Earth, providing the so called geo-neutrinos. The detection method for
electron anti-neutrinos is based on the inverse beta decay and the coincidence of the prompt

50ften called a fluor in the context of scintillation experiments.
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positron signal and the delayed signal (~ 260 us) of a neutron capture hydrogen, which then
emits a 2.2 MeV 7-ray:
Vet p—et+n (1.42)

Since the produced neutron is heavier than the target proton, the inverse beta decay has a
kinematic threshold of 1.8 MeV.

The KamLAND (Kamioka Liquid Scintillator Anti-Neutrino Detector) experiment started
operation in 2002, and is situated in the Kamioka Observatory; same as Super-Kamiokande.
The detector consists of 1000t of LS, contained in a transparent nylon-vessel. The scintillation
light is detected by an array of about 1800 17" and 20" PMTs, mounted on the inner surface
of an 18 m stainless steel sphere. It is also surrounded by a 3.2 kt water Cherenkov detector,
which tags cosmic muons and absorbs y-rays and neutrons from the detector structure and
the surrounding rock. One of the main achievements of the experiment was the precise
measurement of the Am%2 mass splitting, as well as improving the precision of 6}, in combi-
nation with the solar neutrino data. This was done through the detection of the high statistics,
distorted reactor (electron) anti-neutrino spectrum at a 180 km baseline, which allowed to
establish the LMA-MSW neutrino oscillation mechanism as the solution to the solar neutrino
problem [25]. Additionally, the anti-neutrino spectrum allowed KamLAND to perform the
first experimental study of geo-neutrinos [64]. In the context of solar neutrinos KamLAND
performed a measurement of "Be-neutrinos [65] and ®B-neutrinos [66]. It suffered from an
unfortunately high contamination of radioactive background, specifically >'°Bi, which made
the "Be-neutrino measurement less precise by almost an order of magnitude compared to the
Borexino result. The current iteration of the experiment is called KamLLAND-Zen [67], where
the LS now is loaded with '3%Xe in the search of neutrinoless double beta decay.

The Borexino detector was situated at the INFN Gran Sasso National Laboratory in Italy
and took data from 2007 to 2021. It consisted of 280 t of LS, monitored by ~ 2000 20" PMTs.
The main physics goal of the experiment was the measurement of solar neutrinos, which was
successfully achieved thanks to its unprecedented radio-purity. Borexino managed to provide
a measurement of the full pp-chain [31], with the exception of the hep-neutrinos, as well as the
first direct, experimental evidence for the existence of CNO-cycle neutrinos in the Sun [68].
Details about the Borexino detector will be presented in Chapter 2.

The main improvements necessary for the next generation of organic LS detectors can
achieved by the significant increases in the target mass, as well as lower background levels
or improved capabilities for background discriminating. The upcoming JUNO (Jiangmen
Underground Neutrino Observatory) [69] detector takes the first approach, where it will use
a 20kt LS target, monitored by ~ 17000 20" PMTs. in addition to ~ 25000 3" PMTs. It
is scheduled to start data taking in 2024. The JUNO LS will consist of linear-alkylbenzene
as a solvent and two wavelength shifters: PPO at 2.5 g/l and bis-MSB at 1.5 mg/l, which
further increases the attenuation length of the scintillation light as this is crucial for such a
large detector. Due to the large light-yield, large attenuation length and the high (80%) PMT
coverage, JUNO is expected to provide an unprecedented energy resolution of 3%+/E /MeV.
JUNO is expected to detect around ~ 1350 photo-electrons per MeV of deposited energy,
which is drastically higher than the performance of Borexino at ~ 500 photo-electrons per MeV.
The main goal of JUNO is the determination of the mass hierarchy, through the measurement
of reactor anti-neutrinos at a baseline of 53 km. The physics programs further includes
the precision measurement of neutrino oscillation parameters, the search for the diffuse
supernova (anti)-neutrino background, the study of geo-neutrinos and solar neutrinos, and
others. However, the analysis of solar neutrinos is much more susceptible to the impact of
background in the detector, compared to the detection of anti-neutrinos, as the latter provide the
an efficient coincidence tagging. The cosmogenic background in JUNO will be relatively high,
as the overburden is is only 700 m thick and the LS may not be able to reach a sufficiently
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high radio-purity for the solar neutrino analysis. For JUNO the greatest potential lies in
the measurement of the ®B-neutrinos, with a possibility to measure ’Be-neutrinos, while a
measurement of the pep- and CNO-neutrinos is hindered by the cosmogenic background [69].

The proposed Serappis (SEarch for RAre PP-neutrinos In Scintillator) experiment [70]
takes the opposite approach, where the detector is small with a LS volume of only ~ 20m?.
The detector would benefit from the existing JUNO infrastructure, as it would be an upgrade
of the OSIRIS [71] sub-system, used to monitor the LS radio-purity during the filling of JUNO.
The goal of the experiment would be the measurement of the low energy solar pp-neutrino at
a few-percent level. This would allow for a sensitive test of the solar luminosity constrain and
contribute to the study of solar neutrino oscillations. For this, Serappis aims to provide an
excellent energy resolution (~ 2.5% at 1 MeV) and a low internal background level of '“C,
compared to '?C with a ratio of ~ 1.9- 1078, The small size of the detector is crucial, as it
makes the pile-up of '*C decays with themselves and other spectral components negligible.
This pile-up would otherwise smear the lower energy '“C events into the endpoint region of
the pp-neutrinos and add a systematic uncertainty.

1.3.4 Hybrid detectors

The idea of so called hybrid detection is to use both the unique morphology of Cherenkov
light in combination with the benefits of high light-yield scintillation in the same detector. The
Cherenkov light would provide directional information, as well as the potential for particle
discrimination given its dependency on the particle momentum, for example between y-rays,
electrons and muons. The scintillation would provide a low energy threshold, as well as
drastically improve the performance of the energy and position reconstruction. This approach
could potentially achieve unprecedented levels of background rejection that would allow for a
rich physics program.

One such proposed hybrid detector is Theia [72] (after the Titan goddess of light), located
at the Sanford Underground Research Facility, with a volume of 25 kt—100 kt water-based
liquid scintillator [73]. This water-based liquid scintillators (WbLS) is a dispersion of LS
micelles in ultra-pure water, stabilised by a surfactant. This LS dilution reduces the absorption
of Cherenkov photons in the bulk material, while still providing scintillation. Furthermore,
the background of '#C and muon spallation products from '>C is also reduced, relative to pure
LS. The main challenges for WbLS to be used as a large scale hybrid detection medium are
Rayleigh scattering on the scintillator micelles, as well as the radio-purification of the water
phase. The current proposal is for Theia to be realised in phases, where the first phase consists
of lightly-doped WbLS and very fast photosensors and has as its main physics goals the
measurement of long-baseline accelerator neutrino oscillations, the 8B-neutrino flux, as well
as the search for the diffuse supernova neutrino background. The second phase would feature a
high light-yield WbLS, or pure but slow LS, which would allow for the additional investigation
of the MSW transition region and the measurement of solar CNO- and pep-neutrinos, as well
as reactor- and geo-neutrinos. The water phase makes the loading of metal isotopes possible,
which could offer an additional CC interaction for the measurement of solar neutrinos or
which could be used in a third phase for the search of the neutrinoless double beta decay.

The Jinping Neutrino Experiment (Jinping) [74] is a proposed detector at the Jinping
Underground Laboratory in the Sichuan province of China, with a rock shielding of 2400 m.
Its main goals would be the measurement of solar neutrinos of both the pp-chain and the
CNO-cycle, as well as geo-neutrinos and supernova neutrinos. The proposal is to build
two neutrino detectors with a total fiducial target mass of 2000 t for solar neutrino physics,
equivalently to 3000t for geo-neutrino and supernova neutrino physics®, and a light collection
range between 200 to 1000 photo-electrons per MeV. Jinping considers to use a slow LS

6As they are anti electron-neutrinos.
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as the target material, to allow for the hybrid detection of the events. Here, the Cherenkov
light and scintillation could be differentiated through their differences in the PMT hit time
distribution. The prompt Cherenkov light can be used for the directional reconstruction of
the events and particle discrimination, while the slow scintillation light can be used for the
energy and position reconstruction of the events. These different timing structures between the
scintillation and the Cherenkov light would require a dedicated electronics system to record
the waveform output from the PMTs, which then could also help to discriminate between
different particles. A 1t prototype LS detector is running since 2017 [75], to test the hardware
and to measure the radioactive background for Jinping.

1.4 Final remarks

In recent decades, the study of solar neutrinos has yielded a profound and, at the time,
surprising experimental discovery: The non-zero mass and flavour oscillation of neutrinos.
It seems likely that in the future solar neutrinos will be investigated as a part of a broader
physics program by large scale, multipurpose detectors with a focus on different main physics
goals, from rare event searches to long-baseline neutrino experiments. Nonetheless, these
next-generation neutrino detectors will feature higher event statistics, and novel and improved
detection technologies.

One topic of interest for solar neutrinos is the vacuum to matter transition region. While
the two extreme flavour conversion regimes have already been measured, where either the
vacuum term or the matter term dominates, there exists no direct measurement of the transition
from one to the other. A high statistics sample of CNO-, pep- and the lower energy region
of 8B-neutrinos could make such a measurement possible. This would also allow for a
sensitive search of non-standard interactions affecting the neutrino propagation. In the same
context of neutrino matter transitions, the present experiments have so far struggled to provide
a significant detection of the day-night asymmetry, i.e. the regeneration of the electron-
neutrino flavour, expected from the matter effects of neutrinos traversing the Earth. Another
important investigation would be a precise measurement of the pp-neutrino flux, as this is the
bottleneck of the pp-chain through which the vast majority of the solar energy is produced.
The comparison between the pp-neutrino flux and the well known solar luminosity would
allow new opportunities to study the Sun, as well as search for physics beyond the Standard
Model. Furthermore, a precision measurement of CNO-cycle neutrinos would allow for a
direct measurement of the total C and N abundance in the solar core, almost free from the
uncertainties of the Standard Solar Model. This would not only help to improve the SSM,
solving the metallicity problem, but it would also provide a means to study the evolution of
the proto-planetary disk to the solar system of today [76].

The future study of solar neutrinos will continue to offer a unique insight, not only into
our Sun, but also into the most fundamental laws of physics. This may, yet again, lead to
surprising and drastic discoveries, but it will certainly help our understanding of the universe
in which we live.
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Chapter 2

The Borexino Experiment
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FIGURE 2.1: The Borexino data taking time line.

Borexino is a large liquid scintillator (LS) detector, primarily devoted to the spectroscopic
measurement of low energy solar neutrinos. It arose from the proposed BOREX detector
in 1990 [77] and in the following years new techniques for the purification and handling of
the scintillator have been developed [78, 79, 80, 81]. In 1998 the counting test facility [82]
has been used to measure the radio-purity of the LS and proved the feasibility of multi-ton,
low-background LS detectors. The high radio-purity is one of the fundamental achievements
of the Borexino detector, on which all subsequent measurements and analyses are based. For
example, the LS had a 23U residual contamination of (5.3 +0.5)10 '8 g/g in Phase 1 [83]
and in Phase 2 this value has been reduced to < 9.4- 1072 g/g (95% CL) [84], following the
additional purification campaign in 2010-2011. This corresponds to a reduction of the natural
background by about 9-10 orders of magnitude.

Borexino started data taking in May 2007 and ended data taking in October 2021, as shown
in the time line in Figure 2.1. A calibration campaign [85] has been performed during Phase 1,
and the LS underwent a further purification between Phase 1 and Phase 2. Borexino provided
the measurement of the full pp-chain (pp-v, B-v, pep-v, 8B—v) [83, 31, 86, 87, 88], with
the exception of hep-neutrinos, that have a very low flux. Following the thermal insulation
of the detector in Phase 2 and the development of new analysis techniques [89], Borexino
has also been able to provide the first experimental evidence for the existence of CNO-cycle
neutrinos in the Sun [68]. This result has been improved in a subsequent measurement, using
the entirety of Phase 3 [45]. In addition to the solar neutrino program, Borexino has also
measured geo-neutrinos [90], provided a limit on the neutrino magnetic moment [91] and
performed other measurements that are not listed here.

This chapter will first give a brief overview of the detector design in Section 2.1. The
signal and background components that are relevant for Borexino are discussed in Section 2.2
and Section 2.3. Then, Section 2.4 gives a rough overview over the data acquisition procedure
and explains some event reconstruction algorithms that are of importance for the analyses
performed throughout this thesis. The last Section 2.5 describes the Monte Carlo (MC)
simulation framework. An example of the standard spectral fit is also shown, to illustrate its
contrast to the main analyses of this thesis, which measures the solar neutrinos solely through
they directionality, without direct use of the spectral shape.

The electronic trigger scheme and data read-out are not discussed here. A more detailed
detector description can be found in [83, 92, 93] and the references therein.
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2.1 Detector design

Borexino Detector

tainless Steel Sphere
Nylon Outer Vessel
Rope: Nylon Inner Vessel
Fiducial volume

External water tank —,

Internal
PMTs

for extra
shielding

(a) (b)

FIGURE 2.2: (a) Schematic illustration of the Borexino detector. (b) A picture taken of the stainless
steel sphere interior from its entrance door. The PMTs can be seen with their light collecting cones.
Both pictures are taken from [92].

The Borexino detector is situated underground, in the Hall C of the Laboratori Nazionali
del Gran Sasso (LNGS), with about 3800 m water equivalent (w.e.) rock shielding above
it. This corresponds to a suppression of the muon flux of about 107°, relative to the surface.
Figure 2.2(a) shows the schematic design of the detector, which consists of two sub-detectors:
The outer, water Cherenkov detector and the inner liquid scintillator detector, which are
separated by the stainless steel sphere (SSS). The external water tank has a diameter of 18 m
and a height of about 17 m. Within, the outer detector is filled with 2400t of ultra-pure water
and instrumented with 208 8" photo-multiplier tubes (PMTs). It serves as a passive shielding
against the external y and neutron background radiation, as well as an active muon veto, which
allows for the reconstruction of the muon track [94].

The SSS has a radius of 6.85 m and contains the inner detector, which is segmented into
three sub-volumes through two transparent nylon vessels [95]. The outer nylon vessel shields
the inner volume (IV) from radioactive contamination that can detach from the PMTs and the
SSS. The inner vessel has a nominal radius of 4.25 m and contains 280 t of ultra-pure LS and
is used as an additional barrier against radioactive contamination from the outside. The LS
is composed of pseudocumene (PC, 1,2,4-trimethylbenzene, C¢H3(CH3)3) as a main solvent
and the additional fluorophore PPO (2,5-diphenyloxazole, C;sH;;NO) with a concentration of
1.5 g/l. The nylon vessels are hold in place with nylon ropes that connect to the vessel end cap
structures at the top and bottom of the respective vessel.

The PPO acts as a wavelength shifter, where the PC molecules are first excited by a
charged particle and then they transfer this energy non-radiatively to the PPO. The emission
of the scintillation light then occurs from the PPO, with a wavelength distribution that peaks
at ~ 330nm, now removed from the absorption region of the PC. At these wavelengths the LS
has an attenuation length of ~ 10m and it has a scintillation light-yield of about 10k photons
per MeV of deposited energy. This composite LS has a decay time that can be modeled with a
multi-exponential distribution, where the fastest component contributes ~ 90%, with a decay
time 7; = 3.5ns. The buffer liquid outside the inner vessel is composed of PC and 5 g/l DMP
(dimethyl phytalate, C19H;¢9O4), which quenches the intrinsic scintillation of the PC by a
factor of ~ 20. This strongly suppresses the potential signals outside the LS volume.

The SSS is instrumented with a number of 2212, 8" ETL-9351, PMTs, which are used for
the detection of optical photons. A number of 1838 PMTs are equipped with light collecting
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cones, made out of aluminium. These cones enhance the effective light collection area by
a factor ~ 2 and at the same time limit the field of view to the inner vessel volume. The
total optical coverage of the inner detectors SSS surface is about 30%. Figure 2.2(b) shows a
photo of the SSS with the mounted PMTs, taken trough the entrance door. The PMTs have
a typical transit time spread (TTS) of ~ 1ns and a typical, maximum quantum-efficiency
of ~ 30% at 360 nm. The characteristics of the PMTs can be found in [92, 96]. Different
PMTs can have a different single photo-electron response function, i.e. a different charge
distribution corresponding to the detection of a single photon. Additionally, the PMTs can
have different quantum efficiencies, as well as a small time offset between each other, which
includes the impact of the electronic PMT read out system. For this reason a laser calibration
system exists, to align the PMT times and their single photo-electron charges [92, 97]. The
effective PMT quantum efficiencies are also continuously calibrated, using the intrinsic '*C
decay events [98].

2.2 Solar neutrinos in Borexino

Solar neutrinos are detected in Borexino through the elastic scattering off electrons of the LS,
where a fraction of the neutrino energy is transferred as kinetic energy to the electron.

Vepurte —Veyrte 2.1

The recoil-electron in turn deposits its energy in the LS through ionisation, exciting the LS
molecules, which then de-excite through the emission of photons. Thus, the measurable
electron energy spectrum is continuous even for mono-energetic solar neutrinos. It has an
endpoint of Ty, defined by the neutrino energy E, and the electron rest mass m.c>. The
recoil-electron spectra of the mono-energetic 'Be-v (0.862MeV) and pep-v (1.44 MeV)
exhibit a Compton-like edge, with the endpoints of 0.665 MeV and 1.22 MeV, respectively.
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The following is a summary of the neutrino rate calculation in Borexino, based on [83]
and the updated, internal document [99]. The rate of neutrino—electron elastic scattering
interactions is given by the product of the incoming neutrino—flux ®,, the elastic scattering
cross section O, r and the number of electrons in the respective target n,. For Borexino
the latter value is n, = (3.30740.015) - 10! per 100t [68]. Neutrinos of all flavours can be
detected in Borexino, where the V, interact via both the Charged Current (CC) and Neutral
Current (NC), while the v, andv; interact only via the NC. Thus, the v, have a larger cross
section than the v, and v, which are shown as energy dependent functions in Figure 2.3
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as a solid line and a dashed line, respectively. These cross sections o, ; are obtained
from the electroweak Standard Model and they include radiative corrections, as described
in [100]. The electron neutrino survival probability P,. is calculated according to [32, 101],
where the neutrino mixing parameters are taken from the global analysis results of [26]. The
total expected neutrino interaction rate Ry, in Borexino is given by the integration over the
recoil-electron energy 7 and the differential neutrino energy spectrum dA /dE, [83]:

dA do.(Ey,T
RV :I’le(Pv d?dEv/ (E{; )
\4

doy(Ey,T)

P..(E
( v) + aT

[1— Pee(Ev)]> dT  (2.3)

Here, the neutrino energy spectra are taken from [41] and the different neutrino fluxes
are given by the HZ-SSM (B16-GS98) and LZ-SSM (B16-AGSS09met) [35]. The resulting
neutrino rates of the low energy solar neutrinos in Borexino are summarised in Table 2.1:

y HZ-SSM (B16-GS98) LZ-SSM (B16-AGSS09met)
[cpd/100t] [cpd/100t]
PP 131.28+1.74 132.38 +1.69
"Be (0.384 MeV) 1.8840.11 1.7240.10
"Be (0.862 MeV) 46.01+2.82 42.00+2.57
"Be 47.90+2.82 43.72+2.57
pep 2.7440.04 2.784+0.04
BN 2.304+0.34 1.6840.24
150 2.554+0.43 1.79+0.29
1Tg 0.066+0.013 0.041+0.007
CNO 4.9240.78 3.52+0.52

TABLE 2.1: The expected neutrino rates in Borexino. The Be branching ratios at 0.384 MeV and
0.862 MeV are 0.1052 and 0.8948, respectively [83]. CNO is the sum of the 13N, 130 and ’F rates.

2.3 Backgrounds in Borexino
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While Borexino managed to purify the LS to unprecedented levels of radio-purity there
still exist a residual contamination. Additionally, there is also an irreducible background of
14C, intrinsic to the organic scintillator, and the background that is continuously produced by
cosmic muons. Figure 2.4 shows the expected energy spectra of the low energy neutrinos in
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comparison to the most relevant background contributions, following the assumptions made in
Phase 1 [83]. The neutrinos are shown as red solid lines, while the background contributions
are shown as dotted lines, for *C, 2!°Po and !'C in black, for 8 Kr in green and for 210Bj in
blue. This section is meant to give a short overview of some background species in Borexino,
which can be put in three categories: Internal, external, and cosmogenic background.

2.3.1 Internal background

The internal background stems from the decays of radioactive isotopes contaminating the LS.
The most abundant background is l4c (B~, Q-value = 156keV, T = 8270a), which constitutes
a fraction of the organic LS carbon atoms. It is chemically identical to '?C and therefore
cannot be reduced through chemical processes. Instead, the Borexino LS is derived from
petroleum that is pumped from relatively deep wells, where the levels of '*C are reduced
roughly by a factor of a million down to a concentration of ~ 2- 107! g/g [83]. The average
14C rate is around ~ 3.5-10%cpd/100t, which is reduced to < 30Hz by the trigger threshold
of 50keV. This “C, as well as the random coincidence of two '#C decays, is the most
important background for the spectral measurement of the low energy pp-neutrinos.

The isotope 8Kr (B~ (99.57% branching ratio), Q-value = 687keV, 7 = 15.4a) has a
spectral shape that is very similar to that of the "Be-V electron recoil, which makes it an
important background to reduce for the spectral analysis. It is present in the atmosphere with
an average activity of 1 Bqm™>, and can be efficiently removed by stripping the LS with
nitrogen gas [81]. For Phase 1 it has been measured around ~ 30cpd/ 100t [83], while it
has been reduced to < 7.5¢cpd/ 100t (95% CL) [84] in Phase 2, following the purification
campaign.

Another background of great concern for the spectral analysis is 2'°Bi (8, Q-value =
1.16 MeV, T =7.23d), which has a shape that is similar to that of the CNO- and pep-neutrinos,
given the expected statistics. The 2!°Bi is supported by the detector contamination with its
parent nucleus 2!°Pb (8, Q-value = 63.5keV, T = 32a). The strong spectral degeneracy
between the 2!°Bi and the CNO-neutrinos makes the measurement of the latter very challeng-
ing. It has been first proposed in [102] that it is possible to constrain the 2!°Bi rate through
measuring the rate of its own daughter 210pg (a, Q-value = 5.4MeV, 7 = 200d):

210

200py P gy P, 210p @, 206py, (2.4)
32a 7.23d 200d

This idea has been successfully realised in Borexino after the installation of the thermal
insulation, using the so called low polonium field method [89]. The Phase 3 constraint of 2!°Bi
to < 11.5+1.3cpd/ 100t made it possible to provide the first experimental evidence for the
existence of the CNO-cycle neutrinos in the Sun [68] .

The 2!°Po decay has a large Q-value, but the ¢t-particle it produces has a high ionisation
energy loss dE /dx. The amount of scintillation light produced by an a-particle is quenched
by a factor of ~ 10, relative to the same energy deposited by an electron [103], which is
explained further in Chapter 3. Additionally, the o-particles can be efficiently differentiated
from electrons, as a-particles induce a slower scintillation decay time. The discrimination
method is outlined in Section 2.4.3.

Typically, the internal background is assumed to be uniformly distributed within the LS
volume. This is not the case for 2!°Po, which has a so called vessel component that comes
from the convective migration of >!°Po from the inner nylon vessel into the LS volume. Here,
the 2!°Po is produced from the 21°Pb —210 Bi 210 Po decay chain, where the 2!°Pb and 2!°Bi
stay on the inner vessel. As such, the main purpose of the thermal insulation has been the
suppression of this 2'°Po convective motion, to be able to constrain the >!Bi rate.
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2.3.2 External background

The main source of the external background is the radioactivity of the detector materials
that contain the LS, but y radiation from outside the detector may also reach the LS. These
are, for example, the SSS, the PMTs and their light collecting cones, the vessel support
structures and the other hardware components mounted on the SSS. The external background
is strongly suppressed by the shielding provided by the quenched buffer region and the only
relevant background that can reach the active, inner scintillation volume are the y-rays from
the 4°K (Q-value = 1.46MeV), 21*Bi (Q-value = 2.45MeV) and 2°8T1 (Q-value = 2.61 MeV)
decays. These y-rays deposit their energy trough Compton scattering on the LS electrons.
This attenuation in the LS volume results in an exponential radial distribution, which allows
for the efficient reduction of the y-background through the selection of a fiducial volume. The
total contribution of these external background is ~ 6 cpd /100t [84] and the impact of these
external y-rays is small for the measurement of "Be-neutrinos, but it is relevant for the pep-v
and CNO-v measurement.

2.3.3 Cosmogenic background

The 3800 m w.e. overburden provides a reduction of the cosmic muon flux by about six
orders of magnitude, resulting in a flux of about ~1.2 m~2h~1 [94], corresponding to ~ 4300
muons crossing the inner detector per day. These muons can be tagged with good accuracy
by the outer, water Cherenkov detector and also by the inner detector. They can produce
a variety of unstable isotopes via spallation processes along their path through the detector.
These cosmogenic isotopes have a stable rate in Borexino, given by the equilibrium of their
respective production and decay rates. Consequently, they cannot be reduced through the
purification of the LS. A dead time of 300 ms is applied after each passing muon, to efficiently
suppress the contribution of most spallation products (see Table XI in [83]).

After this cut, the dominant muon—induced cosmogenic background is ''C (B, Q-value =
960keV, T = 29.4min), which is accompanied by a neutron:

pu+2C—p+'"C+n (2.5)

The ''C undergoes B+ decay with a Q = 960keV, followed by the electron-positron anni-
hilation with 2 x 511keV. This provides a total energy deposition between 1.02 MeV and
1.98 MeV.

He 5 HUB4et 1y, (2.6)

This energy region is is very important for the measurement of the pep-v and CNO-V rates
in Borexino. Therefore, it is necessary to reduce the contribution of the !'C, as the expected
pep-v and CNO-V rates are small compared to the ~ 26 cpd/ 100t rate of the ''C. This is
achieved trough a space-time coincidence tagging between the passing muon, the subsequent
neutron capture on hydrogen and the delayed signal from the ''C decay, which is explained in
Section 2.4.4.

2.4 Event reconstruction

Charged particles deposit energy in the LS, which leads to the emission of scintillation photons
and their subsequent detection by the PMTs mounted on the SSS. The number of detected
PMT hits is expected at about N = 400 for an electron-equivalent energy deposition of
1 MeV, or a total charge of all PMTs, in units of photo-electrons, of about Npe = 500. This
corresponds to an energy resolution of about 5% at 1 MeV. The PMT charge information is
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obtained through the integration of the first 80 ns of the PMT pulse, which is followed by a
60 ns dead-time, to write the data to the internal memory buffer.

At the energies of interest around 1 MeV the PMTs operate mainly in the single photo-
electron regime, but multi-photon hits become more likely at off-centre position for PMTs
close to the energy deposition. Should a PMT detect multiple photon hits in the 80 ns time
window, then the total charge of all photon-hits is collected, but only the start of the PMT
pulse is recorded as the single time information of these photon-hits. This means that the
earliest detected photo-electron defines the PMT hit time, while the timing information of the
additional hits is lost within the 80 ns time window.

The Borexino trigger is implemented with a digital logic, due to the large number of PMTs
and their dark count rate of 20 kHz [96]. Typically, the trigger threshold is set to a number of
20-25 detected PMT hits within a time window of 100 ns, which corresponds to an energy
threshold of around ~ 50keV. The information on the PMT hits (time and charge) is acquired
in a 16.5 us time window, following the trigger of the inner detector. This normal trigger type
for the inner detector requires that the outer detector did not see a signal at the same time.
Another trigger type concerns the internal muons, where both the inner and outer detectors
are triggered. Here, a second time window of 1.6 ms is opened, following the first acquisition
window. This guarantees a high detection efficiency of cosmogenic neutrons that follow the
passing of an internal muon. These are used for the rejection of the ' C background through
the so called three-fold coincidence method, outlined in Section 2.4.4. Additionally, there
exits a range of other trigger types that are used for monitoring and calibration purposes.

The set of PMT hits, each with their corresponding hit time and charge, is called a
trigger event in Borexino, where the event information also includes the absolute time of the
trigger, given in the Global Positioning Systems (GPS) time format. Each trigger event is
reconstructed using the ROOT [104] based reconstruction software ECHIDNA, developed
by the Borexino collaboration. A first reconstruction algorithm removes non-physical PMT
hits and identifies hits that belong to the same scintillation signal of an energy deposition.
These so called clustered events are then the fundamental objects of the Borexino data, to
which the subsequent reconstruction algorithms are applied. As such, the terms event and
PMT hit, used throughout this thesis, correspond to these clustered events and their set of
PMT hit information. The raw PMT hits are reconstructed in batches of so called runs, which
correspond to a typical data taking time of around six hours.

This section provides a short description of the reconstruction algorithms that are relevant
for this work. These are the energy estimators, the position reconstruction algorithm as well as
the methods for the discrimination of a-particles and !'C events. Details about the electronic
signal processing, the trigger system and the data acquisition system can be found in [92, 93].

2.4.1 Energy estimators

ECHIDNA provides a number of energy estimators for the events, based on the corresponding
cluster of PMT hits. The true energy distribution of the different events is smeared, due to
the finite number of PMT hits. The different analyses performed in this thesis make use of
two different estimators, which are the total number of PMT hits N, and the geometrically
normalised number of PMT hits N£*°. The Nj, is simply the total number of detected PMT
hits, including multiple hits on the same PMT following the 80 ns integration and 60 ns dead
time of the previous hit. The charge information is not used in Np,.

The number of live PMTs N1Ii¥¢(¢) has decreased over time in Borexino, as the PMTs have
been dying at a rate of 50-80 PMTs per year. In order to account for this variation of active
PMTs the estimator is normalised to a number of 2000 working PMTs through the relation
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factor feq:
Npo™ = foq(t) - Ny (1) = 1\121‘(360((;) Ny (2) 2.7)
h

This value Ny°™ shows a non-linearity for high energies, as multiple hits are are not
resolved within the 80 ns integration time. A charge based energy estimator Ny, suffers less
from such a non-linearity, but at the same time it could be more affected by dark noise. The
Ny, estimator seems like the better choice in the context of this thesis, given the relative low
energy region of interest.

However, if an energy deposition happens off-centre, at a large radial position, the PMTs
close by are able to detect more hits than PMTs further away, simply due to the geometric ac-
ceptance given by the solid angle of the respective PMTs. This introduces a radial dependence
on the energy estimators. As the main analyses in this thesis select relatively large fiducial
volumes it is helpful to use an energy estimator, which corrects for this radial dependence.
Such an estimator exists with the geometrically normalised number of PMT hits N5°°, which
makes use of the reconstructed event position 7ey:

o 2000- @
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Here, o, = 0.00298623 is the value of the solid angle seen by a PMT for an event in
the detector centre and the denominator ¥; (7., ) is the sum of the solid angles of all
live PMTs at the time of the event detection. The solid angle ¢; is defined for each PMT
individually, depending on the PMT position (x;,y;,z;) relative to the reconstructed event

position (Xey, Yey, Zev):

Ni(2) (2.8)
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Where R is the radius of the PMT cathode, and d; is the distance between the PMT position
and the reconstructed event position:

2.9

di= \/(Xi—xev)2+(yi_yev)2+(zi_Z€V)2 (2.10)

The N is an energy estimator that is normalised to a number of 2000 PMTs, as if they
have detected a number of hits for an event at the centre of the detector. Thus, it takes into
account the decreasing number of live PMTs over time, as well as the radial dependence of
the number of detected hits, which is beneficial for the main analyses of this thesis.

2.4.2 Position reconstruction

The position reconstruction in Borexino is a log-likelihood fit %}, based on the detected
PMT hit times #; and photo-electron charges g;. The value of %}, is calculated from the
charge dependent hit time probability density functions (PDFs) P(z,q) and minimised over
the proposed event position 7., and the associated event time fey:

1
o%os(?ewtev | {?iati)qi}) = *Zlog [P(tia qi | 7;eval‘ev)] (2.1D)
i

Here, the dependence of P(t;, g; | Fev,lev) is treated implicitly through the time-of-flight
correction of the PMT hit times with a distance d; to the event position, defined in Equa-
tion 2.10. This correction is calculated with the use of the effective refractive index ngr, which
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describes the effective group velocity of the photons, given the speed of light c:

o Neff
P(ti,qi | Tevstev) = P(ti — ~ di+1lev, qi) (2.12)

LR B B B B 20T IR R U B I IR
0.12~ — C ]
E # detected photoelectrons 8 E Coordinates ]
0.1 Y = = F — . ]
~ = 3k AT e ! E
g 0.08 — 5pe. ] ) L - z a1
= L — 6pe. i = — i
8 r — 7pe 1 S l4r -
s 0.06[ 8 p.e. - = — E
54 C 9p.e. =) 1
m 004; 10p.e. ] 2 12 - -
.04 2 . 1
C —_— ]
0.021~ 10 _—
E 7 | e e . P S I PPITIFIN AFPIFIFIN EFUIPP I I I

00 2 4 6 8 10 12 14 16 18 80 100 200 300 400 500 600 700 800

Time [ns] Charge [pe.]
(@) (b)

FIGURE 2.5: (a) The photo-electron charge dependent PMT hit time PDFs used for the position
reconstruction. (b) Performance of the position reconstruction algorithm. Both plots are taken from
[85].

The reference PDFs P(z,q) are shown in Figure 2.5(a), for ten different values of the
detected PMT charge, in units of photo-electrons (p.e.). They have been produced for electron
events using the Borexino Monte Carlo (MC) simulation [105], briefly described in Section 2.5.
The PDF shapes follow that of an exponentially modified Gaussian distribution, which
becomes more narrow and shifts to earlier times for larger values of the detected charge. This
behaviour stems from the 80 ns integration window of the PMTs, where the first detected
hit defines the hit time ;. This means that for multiple photon hits, which then produce a
large detected charge, the hit time peak must shift to earlier times and become more narrow,
as the PMT hit time is selected as the earliest time from a set of photon hits. The PDFs for
detected charges that are in-between the presented distributions are produced through linear
interpolation of the nearest neighbor charge values.

The position reconstruction algorithm has been optimised and tested during the calibration
campaign, where the active, inner volume has been mapped with calibration sources of
different energies [85]. For example, the PDFs are modified to have a constant, minimal
probability value following the peak, which allows relatively late PMT hits to be moved
around in time without changing their contribution to .Z},s. This particulate choice has
been used simply because it provides a good position resolution for a broad range of event
energies and true calibration source positions. Thus, the n.¢ have also a certain value, that is
different for the data and the MC simulation, just to provide a good position reconstruction in
combination with the particular choice of PDFs. The values of ngﬁta =1.68 and ngﬁfc =1.66
do not necessarily represent the true group velocity of the photons in the data and in the MC.

The exact positions of the calibration sources have been determined by CCD cameras,
with a precision of ~ Icm [85]. The result of the calibration campaign for the position
reconstruction can be seen in Figure 2.5(b), where the resolution o is plotted against the
energy estimator of the total collected charge of all PMTs. The values for the x, y, and z-axes
are shown in red, green and blue, respectively. The position resolution in the energy region of
interest for this work, between 300 p.e. to 700 p.e. around 1 MeV, is between 10cm to 12 cm.

A last note is that the event time 7., corresponds to the time of the event energy deposition,
relative to the time of the PMT hit detection, such that the measured PMT hit time distribution
aligns well with the PDFs. In Borexino this value is not centered around zero, but it has an
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arbitrary constant offset of ~35 ns added, which is the same for all events and positions. This
constant corresponds to the time-of-flight of photons that are emitted in the detector centre,
and therefore represents the normalisation of the PMT hit time distributions, as if all photons
have been emitted in the detector centre.

2.4.3 Discrimination of o and 3 events

The time distribution of the scintillation depends on the particle type and its energy loss dE /dx
in the LS. As such, it is in principle possible to differentiate particle types based on their
detected event hit time distribution. This is most prominently the case for the discrimination
between f3-like particles and highly ionising o-particles.

Typically, the scintillation molecules are excited to their first singlet state, from which they
can de-excite through the emission of a photon. For the o-particles however, due to their large
dE /dx, a large fraction of the PPO molecules is excited into the first triplet state, from which
a de-excitation into the singlet ground state is spin-forbidden. Thus, the slow component
of the scintillation time decay, also called the delayed scintillation, is more pronounced for
o-particles than for f-particles. For more details see [106], or other textbooks.
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FIGURE 2.6: (a) PMT hit time distribution for 214Bi B-particles (black) and 2'4Po a-particles (red).

Taken from [83]. (b) Measured energy spectra of the Phase 2 data set, once with (blue) and once

without (red) the MLP cut. The 2!1°Po peak is greatly reduced, with a small remaining residue. Taken
from [107].

ECHIDNA has different pulse-shape discrimination algorithms available, which aid in the
distinction of o-like and f-like energy depositions. The parameters of the algorithms have
been tuned using a clean sample of & and B events from the coincidence of the 2'*Bi(f~)—
2l4po(ar) decays [83]. Their time-of-flight corrected PMT hit time distributions are shown in
Figure 2.6(a), for the sum of a large number of events. Here the pulse-shape of the >'“Po(«) is
shown in red and the 2'*Bi( ) is shown in black. The highly ionising a-particles result in
a pulse-shape that has a larger contribution at late times, compared to the -particles. The
features visible in the distributions around ~60ns and ~180ns come from the reflections
on the SSS and the PMT cathodes, and the PMT dead-time after the charge integration,
respectively.

This work makes use of the so called MLP parameter for the o/ pulse-shape discrim-
ination. MLP stands for Multi-Layer Perceptron, which is a neutral network architecture
used for supervising binary classifiers. It has been trained with the events selected from
the 2“Bi(B~)->'“Po(«) coincidence. The MLP uses a number of 13 o/f input variables
to discriminate each event, according to the distribution of the time-of-flight correct PMT
hit times. These input variables are for example, the tail-to-total ratio, the mean, variance,
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skewness of the hit time distribution, and so on [108] . The MLP parameter is used, for
example, for the measurement of the geo-neutrinos [90], and it plays an important role in the
210Bj-constraint for the spectroscopic CNO-v measurement [89, 68]. Figure 2.6(b) , from
[107], shows the event energy spectra with and without the MLP cut, as blue and red lines,
respectively. The large 2'°Po peak around Npe = 200 is efficiently reduced, with only a small
residual contribution, while the -like events are almost unaffected.

2.4.4 Discrimination of !'C events

The cosmogenic ''C events are a major background component, mostly important for the
measurement of the pep-v and CNO-v rates. In order to reduce this background, the so-called
three-fold coincidence (TFC) algorithm has been implemented in Borexino [83, 109]. The
basic working principle of the TFC is based on the space-time correlation between the passing
of a muon in the inner volume, the accompanying neutron captures on hydrogen and the
delayed ''C decays.
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FIGURE 2.7: (a) Three-fold-coincidence (TFC) scheme. Veto regions are defined, after the passing of
a muon through the inner volume. The veto volumes are: A cylinder around the muon track (blue) and
spheres around the neutron capture points (shaded) and around their projection upon the track (green).
(b) The spectrum of the !'C-depleted (blue) and ' C-enriched (red) data events of Phase 2, using the
TFC algorithm. The spectra are normalised to the same exposure. Both figures taken from [109].

The muons cross the detector at a rate of about three per minute, where they interact with
the '2C of the LS and produce ''C and a neutron through spallation. This neutron is captured
on hydrogen relatively fast, with a lifetime of 7, ~ 260ps, which results in the emission of
a 2.2MeV y-ray. The '2C decays via positron emission with a relatively long lifetime of
Tuc = 29.4min. The TFC now works by defining a list of space-time veto regions, as is
depicted schematically in Figure 2.7(a). Following a muon track, a neutron window is opened,
a second 1.6 ms acquisition window after the first 16.5 us window. Events that fall in this
window are called neutron events. If at least one neutron event is found, a number of veto
regions is defined as follows: (1) a cylindrical volume with a radius of 0.7 m of around the
reconstructed muon track; (2) a sphere with a radius of 1.2 m around every reconstructed
neutron event position; (3) a spherical projection of every neutron event position onto the
muon track. These latter projections correspond to the likely regions of the actual !'C events,
as they have to be produced by the muon along the track. If a high neutron multiplicity is
detected or if the neutron events have a position reconstruction that is considered unreliable,
then the cylindrical volume is vetoed for two hours. Otherwise the spherical volumes are
vetoed for two hours. A more detailed veto scheme can be found in [83, 108]
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The TFC algorithm provides a TFC-tagged ('! C-enriched) data set and a TFC-subtracted
& 1C—deple‘[ed) data set, as is shown in Figure 2.7(b) in red and blue, respectively. The TFC-
tagged data set includes a large fraction of non-''C events, as the veto time is relatively long.
For Phase 2 the TFC cut results in a > 90% rejection of the ''C events, while at the same
time it provides an exposure of all events in the TFC-subtracted spectrum of about ~ 60%.
The exact parameters used for the TFC cut are tuned using toy-MC studies [83], such that the
TFC algorithm can provide a good compromise between the ''C rejection and the amount of
exposure which is left in the TFC-subtracted spectrum used for the analysis.

2.4.5 Standard data selection cuts

The events can be selected according to an energy region of interest, a fiducial volume, and the
particle discrimination cuts, after the ECHIDNA reconstruction chain. These selection choices
are dependent on the particular analysis goal and are therefore different for different analyses.
Before that, however, a battery of standard cuts is applied for the selection of all data events,
to remove muons and short-lived cosmogenic background, as well as noise events. Only a
rough overview is given here, further details can be found in [83].

* Muon and muon daughter cut: If a muon is detected by either the outer detector or by
the inner detector a 300 ms veto is applied to the entire detector. This means that events
detected in this time window are not selected for further analysis, which de-selects most
of the unstable isotopes associated with the muon.

» Single energy deposit: Only a single cluster is selected for each event. The event is
rejected if the reconstruction algorithm fails to find even a single cluster in the 16.5 us
acquisition window. Should multiple clusters be found, then only the first cluster is
used.

* Fast coincidence events: Events that occur in a time window of 2 ms and that are
reconstructed with a distance smaller than 1.5 m between each other are rejected. This
cut is used to remove the 2'“Bi-?'*Po coincidence events, possible correlated events of
unknown origin and noise events.

* Charge quality control: The total collected charge of all PMTs is compared to the
number of PMTs that saw a hit. The event is deselected if the ratio between the total
charge and the average charge per PMT is too small or too high.

* Additional noise removal: The cluster that has been responsible for the event trigger
has a well defined position in the the data acquisition window. Thus, an event is only
accepted if the cluster start time is within a 1.7 us window around a fixed position in the
data acquisition window. Additionally, noise events are deselected if more than 75% of
the detected PMT hits are readout and powered by a single electronics rack.

2.5 Monte Carlo simulation

The Borexino collaboration has developed a GEANT4 [110, 111, 112] (v4.10.5) based Monte
Carlo (MC) simulation package called G4BX2, which is used to simulate the full detector
response for both the neutrino signal and background events. This section gives a short
overview of G4BX2 and more details can be found in [105].

Technically, the software is structured as a chain of three separate parts. First is the
simulation of the physics processes and the light tracking in the detector. For this purpose a
wide range of event generators exist, from solar neutrino interactions, to radioactive decays,
geo-neutrinos, and the calibration source events. The particles are simulated according to their
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theoretical energy spectra, which for solar neutrinos is taken from [41]. The energy loss of
each specific particle is simulated for every material present in the detector. Then a number
of scintillation or Cherenkov photons are generated, considering the particle energy loss in
the media and the properties of the scintillator or the buffer volumes. The path of each single
optical photon is tracked until a PMT is hit or the photon is absorbed somewhere else. The
interactions of the photons with the medium are also simulated, such as reflection, scattering,
and absorption and re-emission by the LS.

The second part is the simulation of the electronics response, after a photon hits a PMT.
Here, the quantum efficiency of each individual PMT is considered, and the PMT signal pulse
takes into account the specific design of the electronics chain in Borexino. Then the trigger
generation is simulated and a raw file is saved. This filet has the same structure as the one
produced for real data.

The last part is then the event reconstruction of the MC simulation with ECHIDNA,
including the energy estimators, position reconstruction and pulse-shape parameters. The
ECHIDNA code is the same for both the real data and the MC simulation.
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The primary use of the G4BX2 MC is to produce the fit models used for the spectral
analyses of the solar neutrinos, including the full detector response. The full simulation of
the light production and propagation requires a large number of parameters, that describe
the various features of the LS and other materials. Examples for these parameters are the
attenuation lengths, the reflectivity, the re-emission probabilities and the refractive indices.
Here, the calibration campaign has provided a number of different radioactive sources, which
have been used to optimise these parameter values, to validate the accuracy of the MC
simulation and to quantify the systematic differences between the source data and the MC.
The results of the calibration campaign can be found in [85] and an exemplary plot for the
MC validation is shown in Figure 2.8. The energy distribution Ny, is plotted for a number of
different y-ray calibration sources, at the centre of the detector, together with the 2.2 MeV
y-ray from the neutron capture on hydrogen, provided by the >*! Am—"Be source. The source
data is shown in black, while the MC simulations are shown in blue. It can be seen that both
the mean values and the resolutions of these distributions are well reproduced by the MC. In
total, the systematic difference between the data and the MC energy response is estimated
to be < 0.5% [68], including inaccuracies in the energy scale and in the description of the
non-uniformity and the non-linearity of the response.

2.6 Exemplary spectral fit

Almost all analyses performed with Borexino have been performed using the energy spectrum.
This is explicitly different for the solar neutrino measurement of this thesis, which makes
use of the solar neutrino directionality. Therefore, this section presents an overview of the
typical spectral fit used in Borexino, to make the differences between the standard energy and
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directional analysis more understandable. For this, the analysis of Phase 2 is shown as an
example of the spectral fit. The details can be found in [84, 31, 113].

The spectral analysis uses a fiducial volume cut on the reconstructed event radius R and
z-position with R < 2.8m, —1.8m < z < 2.2m, which selects the innermost 71.3 t of the LS
and excludes the residual radioactive background from the nylon vessel and the vessel end
cap structures at z = £4.25m. The analysis is performed with a multivariate fit, that uses the
spectrum the Ny, energy estimator, the reconstructed radial distribution of the events and a
e /e~ pulse shape discriminator, based on the likelihood value of the position reconstruction
algorithm. The energy range for the fit corresponds to 0.19 MeV-2.93 MeV.

First, the data is split into two data sets consisting of the TFC-tagged and TFC-subracted
events, which are then fitted simultaneously through the maximisation of the binned likelihood
function %p:

Zp(k| 0) = Lrrcaun(k | 0) - Lrrcaae(k | 0) (2.13)

Here, 6 symbolises the set of arguments over which the function is maximised, i.e. the rates of
the solar neutrino signal events and the background events. The measured data is symbolised
by k. The likelihoods -Zrrc_sup (K | 0) and Zrrc.ag (K | ©) are given by the standard Poissonian
likelihood functions for three- and two-dimensional histograms, respectively:

Ng Ne Np o
Zrrcswn (K | 0) HHH Aj l ohitm(6)
J m
NE Ne ), (2.14)
gTFC -tag k| 0 HH Jl i 6)

Here the number of data entries kj;, in the energy bin j, the radial bin /, and pulse shape
parameter bin m are compared to the expected number of bin entries from the G4Bx2 MC
model A4j;,,(0). The value of Aj;,,(6) depends on the rates and the MC spectra of the relevant
event species. These rates are kept in common between the TFC-tagged and TFC-subtracted
spectra, except for the cosmogenic !'C itself and the 2!°Po, as it has a non-uniform position
distribution in the fiducial volume.
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FIGURE 2.9: (a) Phase 2 result of the multivariate fit for the TFC-subtracted energy spectrum. The
total number of PMT hits Ny, is shown on the top. From [31]. (b) An example of the radial distribution
of the TFC-subtracted events, with a selection of Ny, > 290. From [84].

Figure 2.9 shows the results of the multivariate fit for Phase 2, for the TFC-subtracted
energy spectra on the left and an example of the radial distribution on the right. For the energy
spectra, estimated with the normalised number of PMT hits Np°™, the data is shown in black,
the MC solar neutrino signal events are shown in red and the dlfferent MC background spectra
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are shown in different colours. It can be seen that the spectral shape of data is well reproduced
by the MC model. The presented radial distribution is an example, where the events are
selected according to N, > 290 from the TFC-subtracted data. The data is shown in black, the
uniform components are shown in green and the external y-ray background is shown in blue.
Again, the MC model is well able to reproduce the measured data.

Ultimately, the fundamental achievement of an unprecedented low background level has
allowed Borexino to measure all neutrino components of the pp-chain except hep-v, as well
as to provide the first direct detection and measurement of the CNO-cycle neutrinos in the
Sun. As will be seen in the following chapters, it is also these same conditions that allow
for a measurement of solar neutrinos through a fundamentally different approach: Using the
directional information of the solar neutrinos provided by the Cherenkov radiation of their
recoil-electrons. The current solar neutrino results of Borexino are summarised in Table 2.2:

Solar-v | Rate [cpd/100t] Flux [cm2s7!] HZ-SSM flux [em™2s~!]

pp 134+107%, (6.14£0.5752) 101 5.98(1.040.006) - 101
"Be 483+ 1.1707  (4.99£0.117008)-10°  4.93(1.0£0.06) - 10°
pep (HZ) | 2.43+0.36705  (1.27+0.197093) 108  1.44(1.0+0.01)- 108
pep (LZ) | 2.65+£0.36705  (1.39+£0.1975%) 108  1.44(1.0+0.01)-108
8Bupr | 0.22370012 0006 (5.687037T003)-10°  5.46(1.0+0.12)-10°
CNO 6.7759 (6.6759) - 108 4.88(1.0+0.11) - 108
hep | <0.002(90% CL) <2.2-10°(90%CL)  7.98(1.0£0.30)-10°

TABLE 2.2: The current solar neutrino results of Borexino, as reported in [31, 88, 45]. The results
are presented with their separated statistical and systematic uncertainties, except for the CNO-v rate,
where the total uncertainty is quoted. For hep-v only a limit can be given.
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Chapter 3

Correlated and Integrated
Directionality

At present, the measurement of solar neutrinos is performed with two different detector
designs: Water Cherenkov (WCh) detectors like Super-Kamiokande [55], SNO [53] and liquid
scintillator (LS) detectors like Borexino, KamLAND [65] or JUNO [69]. Both types detect
solar neutrinos indirectly via elastic scattering off electrons and the light produced by these
recoil electrons is typically detected with photo-multiplier tubes (PMTs). The fundamental
difference between these detector types is the process of light production, as well as the
subsequent analysis procedure. Using either Cherenkov light or scintillation as the main signal
component leads to different sets of advantages and disadvantages between these detectors.

For WCh detectors, the use of Cherenkov light from the recoil electrons (or other leptons)
allows for the reconstruction of the event direction. This is a powerful tool for background sup-
pression, essential for the measurement of solar neutrinos [58] in these detectors. Furthermore
the Cherenkov ring morphology allows for particle identification, such as for electron and
muon events for the measurement of atmospheric neutrinos [114]. The primary disadvantage
of WCh detectors is the relatively low light-yield at MeV neutrino energies. Compared to
LS detectors, this leads to a higher low-energy threshold, due to the presence of background.
Likewise, WCh detectors have a worse reconstructed energy and position resolution than LS
detectors. Another disadvantage is that charged particles can only be detected if their velocity
in the medium is greater than the speed of light. For water, with a refractive index of n ~ 1.33,
this results in a kinetic energy threshold of about 0.26 MeV for electrons and about 54 MeV
for muons. The effective low-energy threshold is higher in practice because of the presence of
background, as the number of Cherenkov photons emitted is low close to the threshold. For
example, taking into account the detector coverage, photon detection efficiency the presence
of radioactive background results in an effective, (kinetic) low-energy threshold of ~ 3.5 MeV
for Super-Kamiokande [58] and SNO [59]. At this energy, only about 30 photo-electrons are
detected per event, resulting in an energy resolution of ~ 20%.

In comparison, LS detectors offer a relatively high light-yield and consequently a better
energy resolution, more precise event position reconstruction and a lower energy threshold,
provided they have a sufficiently low radioactive background level. Here, the neutrino recoil
electrons excite the LS molecules, which in turn emit scintillation light isotropically. For
Borexino this results in 400 PMT hits at 1 MeV deposited energy, assuming the nominal
number of 2000 live PMTs. This corresponds to an energy resolution of ~ 5% and the
effective low-energy threshold for the spectral analysis in Borexino is ~ 0.19MeV [31]. The
main disadvantage of LS detectors is that an event direction reconstruction is not possible.
For Borexino, with a refractive index of n =~ 1.5, the electron kinetic energy threshold for
the Cherenkov process is about 0.17 MeV, but for a kinetic energy of 1 MeV the expected
number of direct Cherenkov PMT hits is ~ 1.5 out of 400 hits in total. The presence of the
Cherenkov photons is actively taken into account in Borexino, as it contributes ~ 5% to the
visible energy, where the vast majority of Cherenkov photons is absorbed and re-emitted
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by the LS. Consequently, this impacts the non-linearity of the energy spectrum [105, 115].
Although the directional Cherenkov information is in principle present in LS detectors, it has
until now not been possible to make use of it.

In recent years there has been an ongoing effort from a broad community to pursue the
idea of hybrid event detection. The goal is to combine the directionality and morphology of
Cherenkov light with the excellent energy resolution and low-energy threshold of scintillation,
as for example in the proposed THEIA detector [72]. This pursuit is motivated by the potential
for a rich physics program, including the measurement of solar neutrinos, especially an
improved measurement of solar CNO-neutrinos [116] and the search for neutrino-less double
beta decay, where solar neutrinos constitute a background [117]. Another possible application
is in future long-baseline neutrino oscillation experiments [72], where the scintillation light
provides a means to reconstruct hadronic recoils in the final states of GeV neutrino interactions.

To achieve this goal of hybrid detection there is currently a diverse range of research and
development activities ongoing [118], which can be grouped into four categories:

* New target materials, such as water based liquid scintillator [119], slow scintillator [120]
or the use of novel wavelength shifting fluorophores such as quantum dots [121]. These
new targets potentially allow for a better separation of Cherenkov light and scintillation
by tuning the scintillation time profile and wavelength distribution.

* Fast photo-detectors, to explicitly improve the time separation of Cherenkov light and
scintillation, such as large area picosecond photo-detectors (LAPPDs) [122, 123].

* Hardware for the spectral sorting and separation of Cherenkov light and scintillation,
for example with bandpass or dichroic filters [124, 125].

* New reconstruction algorithms, making explicit use of both scintillation and Cherenkov
light on an event-by-event basis [126, 127, 128, 129], to reconstruct the event position,
direction and energy.

These promising target materials, the new hardware and the reconstruction techniques have so
far only been investigated experimentally on a relatively small scale, such as in CHESS [130],
FlatDot [131], or ANNIE [132]. The feasibility and impact of hybrid event detection in large
scale detectors has so far only been studied with Monte Carlo simulations [72, 116, 133]. To
summarise this introduction: Combining the directional Cherenkov information with the high
light-yield of scintillation is of great interest for a diverse number of neutrino related physics
goals, but the experimental proof of this hybrid detection in an existing, large scale detector
has been outstanding. The provision of that proof is the primary topic of this thesis and it
is successfully achieved [134, 135] through a novel analyses method called the Correlated
and Integrated Directionality (CID), using the Borexino detector. The idea of the CID is
not to perform an event-by-event direction reconstruction, but instead correlate the measured
photon direction of each hit PMT with the known direction of the solar neutrinos and then
integrate over a large number of events. The resulting distribution of angular hit values allows
then to perform a statistical inference on the number of neutrino events. The current chapter
introduces the general idea of the CID method as well as some details of its implementation in
the Borexino detector. The initial idea of this integrated approach came from | N R RN,
as part of his work on the proposed Theia experiment [72].

The first Section 3.1 explains the general principle of the CID method, which should
be applicable for all types of solar neutrino detectors that have a reasonably precise event
position reconstruction, such as KamLAND [65], JUNO [69] or the LS phase of SNO+ [136].
Then, Section 3.2 explains the production of the CID Monte Carlo model, and Section 3.3
introduces the Nth-Hit time like variable, which is necessary for the Cherenkov-scintillation
time separation. After this, the following Chapters 4 and 5 present the in-situ calibration
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of the effective group velocity of scintillation and Cherenkov photons, respectively. The
measurement of 'Be-v events in Chapter 6 is then used as the proof-of-principle for the CID
method, making it the first experimental hybrid detection of solar neutrinos in a monolithic,
high light-yield LS detector. This "Be-v analysis provides important lessons for the application
of CID in Borexino. Subsequently the CID analysis is improved in the final Chapter 7, for the
measurement of CNO-v events, providing a detection as well as a direct proof of the solar
origin of the CNO-cycle neutrinos.

3.1 Method

The basic principle of the Correlated and Integrated Directionality (CID) method is schemati-
cally illustrated in Figure 3.1. First, a solar neutrino with an energy Ey interacts in the LS via
elastic scattering off an electron, transferring the kinetic energy 7. This electron with mass m,
now has the scatter angle 6,, relative to the initial direction of the neutrino:

M, [T
6,=(1+— - 3.1
cos 6, < +Ev> T+2m,’ (3.1)

For relative large values of T the electron is scattered in forward direction. If the corre-
sponding particle velocity v is larger than the speed of light ¢ in the LS, given by the refractive
index n, then the electron emits Cherenkov radiation in an angle 6., [14]:

c 1
cosbypp=—=—
n  np

(3.2)

The direction of these Cherenkov photons Jch is now correlated to the initial direction of
the solar neutrino dy. Now each measured PMT hit can be correlated to the known position
of the Sun, i.e the neutrino direction dy, with the correlation angle cos . It is necessary to
estimate the photon direction J;m, using the known PMT position 7pyt and the reconstructed
event position Fey:

d_;l‘ _ TpMT —Tev
t— 17 S
' | 'PMT — Tev | (3.3)

cos & = dhjt - dy

The integration of a large number of events results in a cos o distribution. For a high
light-yield LS detector the PMT hits are made up mostly of scintillation light, but a fraction
of PMT hits, at early hit times, consists of Cherenkov photons. This results in an expected
cos & distribution for neutrino signal events which is made up of two components: First, a
relatively large baseline, a flat distribution from scintillation hits, which are isotropic and
thus uncorrelated to the direction of the solar neutrinos. Second, on top of the scintillation
baseline, a cos ¢ distribution with a distinct Cherenkov peak corresponding to cos 6. This
peak is smeared by the position resolution and Rayleigh scattering inside the LS, as well as
the distribution of cos 6., according to the selected energy region. The cos & distribution of
the intrinsic, radioactive residual background events is expected to be flat, as the direction of
background events is not correlated to position of the Sun.

Because the signal and background cos ¢ distributions look different, it is now possible
to statistically infer the number of neutrino events, given a sufficiently high event statistic.
The use of the directional Cherenkov information for background suppression is normally
performed through event-by-event direction reconstruction, but CID effectively transforms
this problem to the event-by-event position reconstruction, a task at which LS detectors excel.
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FIGURE 3.1: Schematic representation of the angular correlation ¢, between the reconstructed direction
of the detected photon hits and the position of the Sun, with respect to Borexino. The photon direction
is estimated using the reconstructed event position and the hit PMT position. From [135, 134]. (a)
A solar neutrino recoil-electron at the centre of the detector produces Cherenkov light in a cone (red
arrows), pointing forward in the direction of the Sun. At the same time it produces isotropic scintillation
light (blue arrows). The directional angles ¢; and , correspond here to the first and second detected
photons of the event, respectively. The Cherenkov photons are correlated to the incoming direction
of the solar neutrinos and so are the PMT hits they trigger. (b) The first detected photon here is a
scintillation photon, therefore not correlated to the direction of the solar neutrino, and the second
detected photon is a Cherenkov photon. Compared to (a), this event would result in a flatter angular
distribution. Additionally, this event happens off-centre. (c) A radioactive background, electron event
also produces Cherenkov light (green arrows) and isotropic scintillation photons (blue arrows). Again,
o and o are the directional angles of the first and second photons of the background event. Here
these are Cherenkov photons, but they have no correlation to the Sun’s direction. (d) The same as (c),
but here the event is off-centre, where the first photon is a scintillation photon and the second detected
photon is a Cherenkov photon. These background events result in a flat angular distribution.
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Calculation of the solar direction

The Cherenkov information of the CID is given by the cos & distribution of the integrated
event hits. For the calculation of cos « it is first necessary to know the position of the Sun
with sufficient precision. In Borexino this is accomplished by the use of the solar position
algorithm from [137], which has also been used previously for the study of the solar neutrino
day-night asymmetry [138].

The algorithm uses the event trigger time and the geographic coordinates of the Borexino
detector (latitude = 42.421, longitude = 13.515) to calculate the solar position in horizontal
coordinates (azimuth, altitude). The direction of solar neutrinos can then be expressed in the
Borexino (spherical) coordinate system, where ¢, in contrast to the azimuth, is defined in the
mathematically positive sense and ¢ is moreover offset from the geographic north by 52°:

¢ = 308° — azimuth

34
cos 8 = cos(90° + altitude) ©h
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Figure 3.2 shows the distribution of the solar direction for Phase 1 (with the data events
selected in Chapter 6). The daily motion of the Sun is visible as the sinusoidal shape, while the
seasonal modulation of the Sun’s altitude is given by the cos 8 width of the distribution. The
important thing to note here is that the solar direction is not uniformly distributed. This means
that the event morphology, averaged over many events, does not necessary need to produce a
flat cos ¢ distribution for background events. The reason for this is that the background event
hits still use the solar direction in the calculation of cos &. Only a certain set of PMT positions
is even able to contribute hits with cos o = 1, for example, while only a different set of PMTs
is able to contribute to cos & = 0. The background hits may be isotropically distributed on the
PMTs, but the PMTs do not contribute uniformly to the cos o distribution.

3.2 Production of the Monte Carlo model

To be able to perform a statistical inference on the number of neutrino events it is necessary to
produce a model of the CID cos « distribution, that is able to fully reproduce the features of
the measured data cos « distribution. This is done here with the GEANT4 [110, 111] based
Borexino G4BXx2 Monte Carlo (MC) framework [105]. The parameters of the MC have been
tuned with the calibration campaigns in the period between 2008 and 2011 [85] and G4BX2
is well capable of building the MC model required for the spectral fit. As Borexino has never
been intended to make direct use of the Cherenkov light it is now necessary to modify the
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standard MC for the correct production of the CID cos & distributions. Furthermore, CID
specific calibrations of the MC must also be performed, as explained in the Chapters 4, 5.

3.2.1 Simulated step length

The first important change is the correct selection of the GEANT4 simulation parameters, more
specifically the choice of a sufficiently small simulation step length. The following part is
intended for readers who are explicitly trying to implement the CID in a simulation framework
and to draw attention to the fact that even single parameters for the simulation of the physics
model can introduce substantial errors.

In GEANT4, when a particle is shot and transported, all physics processes associated to
the particle propose a step length, dependent on the process cross section. The particle is
then moved according to the shortest proposal and all continuous processes (e.g. Cherenkov
radiation, ionisation and scintillation) are executed along the step. Then, the post step phase
of the process that limited the step is executed and the procedure begins anew. Here, the
continuous energy loss imposes a limit on the step size because of the energy dependence of
the cross sections. The MC generally assumes that the particle cross sections are approximately
constant along a step. The step size should be small enough that the change in the cross
section, from the beginning of the step to the end, is sufficiently small. To achieve a good
compromise between the step length and the computation time, GEANT4 is limiting the step
length by not allowing the stopping range of the particle to decrease by more than a ratio
of k = AR /R. This results in a faster computation time, but it effectively averages out the
particle path in the presence of multiple scattering. This is a simplified explanation, please see
the GEANT4 handbook for more details [110].

Schematic of first electron simulation step MC Cherenkov cos o distribution
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FIGURE 3.3: Dependence of cos & on the simulated minimal step length of the energy deposition.
For GEAN4 physics processes with a simulated continuous energy loss, such as Cherenkov radiation,
the maximum step length is limited by the relative change of the ratio k = AR/R. (a) Schematic
illustration of the electron path for the first energy deposition step. For the normal Borexino energy
step ratio k = 0.2 (blue) and the corresponding path for the corrected ratio of k = 0.01 (red), used in
the production of the CID MC. (b) The cos ¢ distribution between the initial electron direction and the
true direction of the Cherenkov photons, for k = 0.2 (blue) and k = 0.01 (red). The cos ¢ distribution
is incorrect, if the step length is too large. The electrons are simulated with 7 = 0.64 MeV, with an
expected peak at cos o ~ 0.72.

By default £k = 0.2 for electrons, which is also the value used for the nominal Borexino
MC. For all purposes of the standard Borexino analysis this value is well able to reproduce the
data energy spectrum, but for the CID cos & distribution this value produces incorrect results.
This can be seen in Figure 3.3, where the left side is a schematic illustration of the very first
simulated step of electrons with a kinetic energy of T = 0.64 MeV. The nominal value k = 0.2
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results always in a first step length of 0.7 mm (blue), out of a total path length of ~ 3.6 mm for
this electron energy in the LS. Then, the energy loss due to ionisation, subsequent scintillation
and Cherenkov radiation is distributed uniformly along this path, as they are simulated as
continuous energy loss processes. For the isotropic scintillation this is not of importance,
but for the directional Cherenkov radiation this imposes a single Cherenkov angle for a large
number of emitted photons. Now a smaller step ratio of k = 0.01 is shown in red in Figure 3.3,
with a path, comparable to that of k = 0.2. The smaller step-size results in a significantly
different angular distribution of the emitted Cherenkov photons, as the electron changes its
direction after each small step.

This is shown on the right side of Figure 3.3, with the cos ¢ distribution between the initial
electron direction and the true direction of the Cherenkov photons. For T = 0.64MeV the
expected value of the Cherenkov angle is cos & = 0.72, which is then smeared by the multiple
scattering change of the electron direction. For k = 0.2 (blue) this peak is split in two by the
Cherenkov photons of the first step, with a relative large simulated step size, while for k = 0.01
(red) the expected Cherenkov peak is clearly visible in the MC. Smaller values of k£ < 0.01
produce the same results as k = 0.01, which is therefore selected as the maximum step length
ratio for the CID MC. This step length does not change the total number of scintillation or
Cherenkov hits produced.

3.2.2 Cherenkov and scintillation photons

Ultimately the analyses of the CID cos & distribution provides a number of detected signal
Cherenkov hits, correlated to the solar position, for a given number of selected data events.
In order to then infer the number of solar neutrino events from the cos o distribution, it is
necessary to have the correct ratio of detectable Cherenkov hits per neutrino event in the
MC model In G4BX2 the average number of Cherenkov photons N for electron events per
path-length dx and wavelength dA is calculated according to the Frank-Tamm equation [14,

105]: )
d°N 2rna 1
dxdd ~ A2 <l_n(7t)2[32> (3-5)

Here o is the fine-structure constant, n(A) is the wavelength depended refractive index of
the LS and f is the electron velocity over c¢. From this, the number of simulated photons is
calculated from a Poisson distribution with a mean proportional to the simulated step length
dx, following the 2 =2 and n(A)~? dependencies.

Figure 3.4 shows the refractive index implemented in G4BX2 in black. The corresponding
wavelength distribution of the simulated Cherenkov photons is shown in red for electrons
with 7 = 0.64 (B = 0.896). Most Cherenkov photons are below 300 nm, as is expected
from N ~ 272, Around ~ 170nm the simulated energy is too small to produce Cherenkov
photons for the given refractive index, as the condition of 8 > n(4)~! is not fulfilled. On the
right side of Figure 3.4 the emission profile of the LS is shown in blue and the attenuation
length of the LS is shown in black, in a logarithmic scale. In the MC, photons below
310 nm are immediately absorbed, while above 310 nm the physics processes associated to the
attenuation (e.g. absorption, Rayleigh scattering) are taken fully into account for the different
LS constituents (PC, PPO). If a photon is absorbed in the LS it has a 82% probability to be
re-emitted with a wavelength following the PPO scintillation emission profile.

The PMTs are sensitive between about 290 nm to 550 nm, but the LS absorption effectively
limits the wavelength of detected photons to A > 370nm. The Cherenkov photons contribute
about ~ 5% to the total light-yield, but most of this contribution is absorbed and re-emitted
as isotropic scintillation light, following the emission and time profile of the LS. The direct
Cherenkov hits, which are detected without being absorbed and re-emitted, and are thus
able to provide the directional information, make up only < 0.5% of all hits in Borexino.
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FIGURE 3.4: (a) Refractive index (black) used in the Borexino MC and the corresponding wavelength

distribution of the simulated Cherenkov photons (red) at time of production, before absorption. (b)

Attenuation length used in the MC (black), in a logarithmic scale. In the simulation photons with a

wavelength below 310 nm are absorbed immediately. For comparison the scintillation emission profile
of the LS (blue) is also shown before absorption.

Throughout this thesis the term "Cherenkov hits" is therefore used explicitly for photons that
have been produced in the Cherenkov process but have not been absorbed in the LS, while the
term "scintillation hits" now includes both the initial scintillation photons, as well as those
Cherenkov photons that are absorbed and re-emitted by the LS.

The number of emitted scintillation photons and their time distribution depend on the
molecular interactions between solvent (PC) and the wavelength shifter (PPO), as well as the
energy loss processes of the charged particles in the LS. In G4BX2 the number of emitted
scintillation photons is modeled with the Birks formula [105, 103], an empirical description
of the light-yield Y} " of a particle p that deposits the energy E in the LS over a path-length dx,
with a stopping power dE /dx:

Ylgh = Yé)th(E)E
| (E JE (3.6)

E)=— | ——r
Op(E) E Jo 1+kgdE/dx

Here Q,(E) is the particle specific quenching factor, which is material dependent through the
Birks factor kg and the stopping power dE /dx. This Q,(E) describes the ionisation quenching,
which introduces an intrinsic non-linearity between the deposited energy E and the number of
emitted scintillation photons. Both the primary scintillation yield Yé’ " and kg are empirical
parameters that have to be determined for every particular scintillator. In G4BX2 these values
are set to Yé’ "~ 11700 photons/MeV and kg = 0.0109cm/MeV for electron events.

The left of Figure 3.5 shows the wavelength distribution for Cherenkov light (red) and
scintillation (blue), as detected by the PMTs in the MC. This includes the effects of absorption
and re-emission, as well as the quantum efficiencies (QE) of the PMTs. For comparison, the
Cherenkov distribution is scaled to the scintillation, but it has its own y-axis. The right side
of Figure 3.5 shows the time-of-flight corrected PMT hit time distribution for Cherenkov
light (red) and scintillation (blue). In the MC Cherenkov photons are emitted instantly, while
the scintillation follows a multi-exponential decay, with a fastest decay time of 3.7 ns (see
Table VI in [105]). The detected PMT hit times are further delayed and smeared through
absorption and re-emission, scattering in the LS and on the detector materials, the PMT transit
time spread, electronic signal readout and the event reconstruction. The simulated PMT
hits in Figure 3.5 are from "Be-V events, where the recoil electrons are selected close to the
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FIGURE 3.5: (a) Borexino MC wavelength spectra for Cherenkov light and scintillation as detected by
the PMTs, including the effects of absorption and re-emission. (b) MC distributions of the hit times
corrected with their time-of-flight, for solar "Be-v recoil electrons from Chapter 6. The left y-axis
shows the scintillation (blue), where the area is normalised to 1 and the right y-axis corresponds to
Cherenkov light (red), normalised to the number of Cherenkov hits relative to scintillation (< 0.4%).
The scintillation includes those Cherenkov photons that have been absorbed and re-emitted by the LS.

Compton-like edge (T ~ 0.6 MeV), following the data selection from Chapter 6. The ~34 ns
offset corresponds to the time-of-flight of photons emitted in the detector centre and the
detected Cherenkov hits are mostly distributed in the peak around this hit time. In comparison,
the scintillation hits are distributed much more broadly and are detected, on average, much
later. However, scintillation hits are ~ 250 times more abundant and as such Cherenkov hits
are sub-dominant even at early times.

The following conclusions can be drawn from these plots: It is necessary to perform some
sort of time-cut to improve the Cherenkov to scintillation hit ratio, as otherwise the Cherenkov
signal would be lost in the statistical noise of the scintillation hits. Since such a time-cut
must be applied to both the data and the MC, it can introduce a systematic uncertainty if the
hit-time distribution of the data differs from the hit-time distribution of the MC. The refractive
index implemented in the MC is taken from a fit on a laboratory measurement with finite
statistics and possible systematic uncertainties. This means that the MC refractive index can
be systematically different than the real refractive index in data. Likewise, the wavelength
distribution of the detected PMT hits can be different in the MC and the data, as it has never
been measured in-situ. As such, the effective group velocities for photon propagation can
be different in the data and the MC, introducing a difference in the detected PMT hit time
distributions. All previous Borexino calibrations are explicitly performed in the context of the
spectral analysis, where the focus is to optimise the accuracy of the energy scale between the
MC simulation and the data. The total light-yield and the scintillation parameters are provided
by laboratory measurements, as well as the tuning of the MC with radioactive calibration
sources [105, 85]. Additionally, the intrinsic background events (', 210po, cosmogenic
neutrons) are used for a continuous calibration of the PMT quantum efficiencies, and to
measure the agreement of the energy scales between the data and the MC over time. This
results in a systematic uncertainty on the energy response of 0.34% [139].

In contrast, the calibration of the MC hit time behaviour has been performed with less
effort, where the scintillation decay times are tuned to give a general agreement between the
data and the MC hit time histograms, without a specific focus on early times. For the spectral
analysis the hit time distribution is of secondary importance, as its most important use is
the position reconstruction algorithm used for the definition of the fiducial volume (FV) and
for the a/B-particle discrimination. Both these use cases are evaluated quantitatively under



44 Chapter 3. Correlated and Integrated Directionality

the conditions of the tuned MC scintillation parameters and are considered good enough, i.e.
with sufficiently small systematic differences between the data and the MC. This effectively
bypasses an in-depth analysis of the PMT hit time differences between the data and the
MC, because the impact such differences would have on the relevant algorithms is measured
explicitly. Moreover, the Cherenkov hit time behaviour has not been investigated at all for the
Borexino LS. This is negligible for the spectral analysis, but it now necessitates a CID specific
calibration, to investigate and minimise possible systematic differences in the PMT hit time
behaviour between the MC and data, especially at early hit times. The first step for this task is
explained in Section 3.3, introducing time like variable "Nth-Hit".

3.2.3 Implementation of the solar direction

The last property missing in G4BX2 for the production of the CID model is the implementation
of the solar direction. For this it is important to correctly reproduce the CID hit morphology
of the data. Borexino started data taking in May 2007 with 2072' live PMTs and it ended
data taking in October 2021 with 1130 live PMTs [140], where 942 PMTs have died during
the Detector live time 2. The MC simulation is performed with the knowledge of the live
PMT distribution on a run-by-run basis. For individual runs some live PMTs can also have
been turned off due to some misbehaving characteristics, such as too much dark noise. This
means that the underlying, possible PMT hit morphology can look drastically different for
different events, given the corresponding position of the Sun at the time of the event trigger.
For example, if the Sun is positioned at the north-east, but the south-west region of the detector
has no live PMTs, then no neutrino signal Cherenkov hits can be detected and here the possible
hit morphology would be such, that signal and background cos ¢ distributions would look
the same. As a data taking run is about six hours long, even events with the same live PMT
distribution can have a vastly different underlying, possible cos o distribution, because the
Sun can be situated at significantly different positions for different events.

For this reason the production of the CID MC is performed on a data event-by-event basis.
Given a data event and its corresponding solar direction (¢, cos 8) a number of 200 MC events
are simulated using the same live PMT distribution as this data event. For each data event the
neutrino signal is simulated with the initial solar direction (¢, cos 0) and the recoil-electron is
scattered with the angle given by Equation 3.1, according to the sampled, transferred kinetic
energy 7. Then, the background MC is also produced for each selected data event, where
now the initial direction of the corresponding background particle is sampled isotropically.
Both MC signal and background events are simulated within a sphere of 15 cm around the
reconstructed position of the associated data event. The data is selected according to a fiducial
volume cut and within an energy region of interest and finally the MC events are then also
selected according to the same cuts. Thus, for a given data event the MC production of the
cos & distributions takes fully into account the live PMT distribution.

The question now is if this procedure introduces a systematic uncertainty. Ideally the
number of MC events per data event should be infinite to correctly produce the possible,
underlying PMT hit morphology, but due to computation time constraints only 200 MC events
are produced per data event. There could be a dependence of the MC cos ¢ distribution on the
simulated position, due to the geometric acceptance of the PMTs; closer PMTs have a higher
chance to get hit than PMT further away from the event position. Lastly, the neutrino signal
is uniformly distributed, while the data background can be non-uniformly distributed within
the fiducial volume. The MC production cannot take this into account easily, as each data
event is used for the production of both MC signal and background. All these things could

'In total 2212 PMTs have been installed, while some PMTs were already inactive at the start of the data taking.
2It is interesting to note that PMTs with lower QE die faster. The same properties that give a PMT a high QE
also seem to give it a longer live time. Consequently, the average PMT QE increases over time [141].
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add systematic differences between the CID data and the MC model, potentially introducing a
systematic uncertainty in the MC cos & distributions. This is explored in Chapter 6, where
the proof of the CID principle is provided and it is found that none of the aforementioned
problems contribute a systematic uncertainty. The CID MC model, as will be shown later, is
well able to reproduce the CID data cos o distribution.

3.3 The Nth-Hit time like variable

Each event has a reconstructed event position 7y, an associated reconstructed event time fey
and a number of PMT hits. These PMT hits have a hit time #}* each, normalised to Ons
for the earliest detected PMT hit, and the associated PMT has a position 7ppr. Then the
time-of-flight (ToF) corrected hit time tgl‘t’F is calculated using the effective refractive index
ngff and the distance dy;; between the event position and the hit PMT:

dhit =| Tey — TpmT |

et (3.7)
ToF raw g
Thit = thie T lev — 7 ~ dhit

This refractive index ngff describes the effective group velocity vgff =c/ ngff of the detected
photon hits, which represents the average velocity of the detected photon hits in the LS. The
reconstructed event time f.y is an estimation of the time difference from the first detected PMT
hit relative to the start time of the event energy deposition, plus an arbitrary time offset of
~34 ns that corresponds to the ToF from photons emitted in the detector centre. This value is
the same constant for all events and positions. Thus, the ToF corrected PMT hit times tgi‘t’F
correspond to a reconstruction of the photon emission time for a start time of the event energy
deposition at O ns, normalised to the detector centre position. The tgi‘fp is the fundamental
parameter on which a time sorting, or a time cut of some sort can be applied. This is necessary
to improve the Cherenkov over scintillation hit ratio, as Cherenkov photons on average are
emitted at earlier times relative to the scintillation.

For the CID application in Borexino the time like Nth-Hit variable is used instead of the
absolute hit time in units of nanoseconds. The Nth-Hit is defined by the sorted time position of
the ToF corrected PMT hits of each individual event. Every event has a number of PMT hits,
with an associated t}TSF (Equation 3.7) and cos & (Equation 3.3). The tg‘t’F with the smallest
value is the first Nth-Hit (or just first hit), the next is the second Nth-Hit (second hit) and so on.
Integrating over all selected events results in a cos o histogram for each Nth-Hit of all events.
The first hits of the events should then have the largest Cherenkov / scintillation hit ratio and
each subsequent Nth-Hit cos o histogram should have a smaller Cherenkov / scintillation ratio.
The Nth-Hit variable is of fundamental importance for the CID analysis in Borexino, as it
allows for the time sorting of Cherenkov and scintillation hits, greatly improving the CID
analysis sensitivity. This time sorting could also be performed on the absolute time scale,
but the use of the Nth-Hit variable effectively reduces the number of free parameters that are
necessary to describe the potential systematic differences in the hit time distributions of the
data and the MC. The reasons for this are twofold:

1. Nth-Hit is a relative time variable, where the absolute differences in the underlying hit
time distributions between data and MC are irrelevant.

2. Every event contributes a single hit for each Nth-Hit cos o histogram, whether it is a
neutrino signal event or a background event, independent of the background type.

To illustrate and explain the impact of Nth-Hit, compared to the use of an absolute time
scale, it is sensible to look at a simplified model of the hit time distribution. This is done here
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with a toy-MC of the hit time distribution, modelled as the convolution of a Gaussian with an
exponential decay for the scintillation and as a Gaussian for the Cherenkov hits. The mean
U describes the start time of the event plus the ToF of photons from the detector centre, the
standard deviation o describes the detector response and 7 represents the effective exponential
decay of the scintillation, including the delay from absorption and re-emission.
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FIGURE 3.6: The impact of the Nth-Hit variable on the time dependent Cherenkov /scintillation
hit ratio, illustrated with a toy-MC model. (a) Hit time distributions of pseudo-data (solid lines)
and pseudo-MC (dotted lines) for Cherenkov hits (red) and scintillation hits (blue). Cherenkov hits
are modeled as a Gaussian (U, ©), scintillation hits are modeled as an exponentially (7) modified
Gaussian. Pseudo-data and pseudo-MC are different only in their Gaussian mean value gy, = 34.0ns,
Umc = 34.5ns. The injected ratios of Cherenkov / scintillation hits is 0.4% for the full scintillation
time profile. (b) Using the hit time distribution from (a) 10k toy-MC events are sampled with 500 hit
times each. At the top, the pseudo-data is used to define time bins, such that each bin includes exactly
10k hits and the Cherenkov / scintillation hit ratio is plotted for pseudo-data (black) and pseudo-MC
(red). The ratios are significantly different between pseudo-data and pseudo-MC, where pseudo-MC
has lower values due to the constant time offset. At the bottom the Cherenkov / scintillation hit ratio is
plotted for the time relative Nth-Hit variable, where pseudo-data and pseudo-MC are in agreement

Figure 3.6(a) now shows the model neutrino signal event hit time distribution of pseudo-
data as a solid line and pseudo-MC as a dotted line, for Cherenkov hits in red and scintil-
lation hits in blue. The parameters are Ugaa = 34.0nS, Upmc = 34.51S, Ogara = OMc = 215
and Tgaa = Tvc = 15ns. These parameters model the effect of a constant offset between
the data and the MC hit time distributions. Such a difference could, for example, come
from a small difference in the group velocity (refractive index) between the data and the
MC or from a small misalignment in the PMT time calibration. The right Figure 3.6(b)
shows the Cherenkov /scintillation ratio of the toy-MC with 10k pseudo events, each with
500 hits sampled from the corresponding hit time distributions. The injected ratio of
Cherenkov / scintillation hits is 0.4% for the full scintillation time profile, two Cherenkov hits
per pseudo event. The time dependent Cherenkov / scintillation ratio is shown in black for
the pseudo-data and in red for the pseudo-MC. At the top, the hit time distribution is plotted
as a histogram with equi-statistic bins, where each data bin includes exactly 10k hits and
the same bin borders are used for the pseudo-MC. The first bin begins at O ns but is shown
to start at 29 ns for illustration purposes. It can be seen that such a binning, effectively a
time-cut, improves the Cherenkov / scintillation ratio drastically from 0.4% up to 7% for
first time bin. Nonetheless, the scintillation hits are still dominant even at the earliest times.
The Cherenkov / scintillation ratio for each bin is different between the pseudo-data and the
pseudo-MC, because the bin width is defined by the pseudo-data from which the pseudo-MC
has a constant offset. Consequently, the application of a time-cut here would result in a
different number of Cherenkov hits per neutrino signal event between the data and the MC.
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At the bottom of Figure 3.6(b) the same plot is shown for the Nth-Hit variable. Again each
Nth-Hit bin has exactly 10k hits, as each of the 10k events contributed exactly one hit for
each Nth-Hit bin. Now the pseudo-data and the pseudo-MC have the same distribution of
the Cherenkov /scintillation hit ratio, given the simulated statistics. Thus, the use of the
time-relative Nth-Hit variable excludes systematic differences that have the form of a constant
hit time difference between the data and the MC.

Ultimately the CID method provides only information about the number of neutrino signal
Cherenkov hits, from which then the number of actual neutrino events is inferred using the
ratio of "Cherenkov hit per neutrino event". This ratio is estimated from the G4BX2 MC model
and includes systematic uncertainties. Contrary to the presented toy-MC, in reality there are
differences in all parameters U, o, T between data and MC. While the Cherenkov / scintillation
hit ratio of the Nth-Hit variable is still dependent on o, 7, its use effectively decreases the
number of systematic uncertainty sources by one. When using the Nth-Hit variable it is
sufficient to measure three parameters for the description of the systematic differences in
the hit time distribution between data and MC, to construct an adequate CID MC model:
The effective refractive indices (group velocities) of scintillation in the data and the MC
and additionally the relative group velocity correction of the Cherenkov hits in the MC.
The effective refractive indices of the scintillation are explained and measured in-situ in
Chapter 4, using a-particle calibration sources. The MC Cherenkov group velocity correction
is explained and measured in Chapter 5, using 7y-calibration sources, as there are no dedicated
Cherenkov sources for Borexino.
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FIGURE 3.7: The impact of the Nth-Hit variable on the time dependent signal / background hit ratio.
(a) The toy-MC hit time distributions are modeled as exponentially modified Gaussian distributions (U,
0, 7). The neutrino signal (black) and the background A (red) have yu = 34ns, 6 =2.0ns, 7= 15ns,
where their difference is that the signal has a Cherenkov / scintillation hit ratio of 0.4% and background
A has 0.8%. The background B (blue) has the Cherenkov /scintillation hit ratio of 0.4% and has a
different 0 = 2.1ns. (b) Using the pseudo-data hit time distribution, made up of equal parts from the
signal, background A and background B (1:1:1) to simulate 10k events with 500 hits each. At the top,
the pseudo-data is used to define time bins, such that each bin includes exactly 10k hits. The resulting
signal / background hit ratios for background A (red) and background B (blue) are shown for each
time bin. Both background types contribute significantly more hits than the signal and they result in
significantly different ratios. At the bottom, the signal / background hit ratio is plotted for the Nth-Hit
variable, where each bin again contains 10k hits. Here both background types give ratios in agreement
with each other and in agreement with the injected signal / background event ratio

Furthermore, the Nth-Hit variable effectively reduces the number of free parameters
necessary for the fit of the CID cos & distribution, which is illustrated through a toy-MC study
in Figure 3.7. Figure 3.7(a) shows the model event hit time distributions for the neutrino
signal in black, for one background A in red and for a different background B in blue. For the
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CID it is necessary to select a large number of data events to gain enough statistical sensitivity
for a measurement. This means that data events are selected within an energy window, e.g.
at the "Be-v edge region or a region with a large number of CNO+pep-V events. In this
selected energy region the average energy of the neutrino signal events can be different than
the average energy of the background events. Thus, if background events have a larger average
energy than the v-signal events, they also produce a larger ratio of Cherenkov /scintillation
hits. This is the case at the "Be-v edge region for the 2'°Bi background, for example. Here,
this is modeled as the difference between the signal and the background A, where both have
the same hit time parameter values it = 34ns, 6 = 2.0ns, T = 15ns, but now the signal has a
Cherenkov / scintillation hit ratio of 0.4%, while the background A has an exaggerated ratio of
0.8%. Additionally, there are different types of background in Borexino, such as the >'°Bi
electrons, 2!°Po a-particles, ' C positrons and y-particles. Every different background particle
has a different, underlying hit time distribution and Cherenkov to scintillation hit ratio. Thus,
the background B is modeled to represent ' 'C positrons also with a Cherenkov / scintillation
hit ratio of 0.4%, but with an increased 6 = 2.1ns.

The goal of this toy-MC study is not to investigate the potential impact of systematic dif-
ferences, but to illustrate the effect of the intrinsic hit time differences between the background
species on the signal / background ratio. Figure 3.7(b) shows the resulting signal / background
ratios for the background A in red and the background B in blue. A number of 10k pseudo-data
events are simulated according to an equal ratio between the signal, the background A and
the background B, each with a probability of 1/3. Every pseudo-event is sampled with 500
hit times from the relevant hit time distributions. At the top, the pseudo-data is shown in
equi-statistic time bins, where each bin has exactly 10k hit entries. It can be seen that the
signal / background hit ratio is time dependent and both the background A and the background
B contribute significantly more hits then the signal, for each shown time bin. The different
backgrounds result in significantly different signal /background hit ratios, relative to each
other. This means that a fit of the cos o distribution, given a certain, absolute time-cut, would
result in a signal to total hit ratio that is different then the signal to total event ratio. Thus,
the calculation of the number of neutrino signal events would require the knowledge of the
number of background events for each different background species. In the best case this
would require another free parameter in the cos « fit, for every additional background species.
As different backgrounds have indistinguishable cos ¢ distributions this would introduce an
even greater fit uncertainty in the CID measurement.

At the bottom of Figure 3.7(b) the same 10k pseudo-data events are used to produce
the signal / background hit ratios using the Nth-Hit variable. Each Nth-Hit bin has 10k hit
entries, and now both the background A and the background B are in agreement with each
other and both contribute the same amount of hits as the signal events. Because every event
contributes exactly one hit per Nth-Hit there is no time dependent over-selection of background
hits and each Nth-Hit has the same signal / background hit ratio which is also equal to the
signal / background event ratio. Using the Nth-Hit variable, a fit of the cos o distribution
only needs a single parameter to describe the number of neutrino events: The signal to
total event ratio, given the known number of total selected data events. The conclusion
is then, that the relative, time-like Nth-Hit is a powerful variable that minimises both the
number of free parameters in the CID cos & fit, as well as the number of possible sources of
systematic uncertainty. It provides a significant contribution to the observed robustness of
the CID analysis of the "Be-neutrinos presented in Chapter 6, as well as the measurement of
CNO-neutrinos in Chapter 7.
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Chapter 4

Measurement of the Effective
Scintillation Group Velocity

Abstract

The total Cherenkov to scintillation ratio in Borexino is relatively small, with < 0.5% for
1MeV electron events, which is obstructive to the Correlated and Integrated Directionality
analysis of the solar neutrinos. To improve this ratio it is possible to perform a hit time sorting
using the Nth-Hit variable and select only early hits, as Cherenkov light is emitted instantly
while the scintillation follows an exponential decay. To estimate this emission time, it is
necessary to correct the time-of-flight of the corresponding PMT hits, which requires the mea-
surement of the effective group velocity of the scintillation photons vsz. Here, the '*C—?*’Rn
a-event calibration source is used to produce hit time distributions for each individual PMT
and for every source position. Fitting these hit time histograms results in a distribution of the ex-
pected arrival times ( of the earliest detectable photon hits, as a function of the known distance
d between the PMT and the source position. This distribution allows for the in-situ measure-
ment of the effective group velocity, expressed by the effective refractive index ngff =c/ vsz.
For the data the result is ng" (d) = (1.6867 +0.0026) —d - (0.296 +0.020) 10~*m™!, while
for MC it is n"(d) = (1.7141£0.0026) —d - (0.575+0.015) 10 2m"'. The linear distance
dependence takes into account the dispersion of the detected photons for the full length of
the scintillator volume. These results have a precision of the corresponding time-of-flight
correction that is negligible compared to the position resolution of >10 cm. The measurements
of the effective refractive indices performed in this chapter provide a good foundation for the
calibration of the Cherenkov hit time behaviour and the subsequent measurement of solar

neutrinos in the following chapters.

Cherenkov and scintillation light have fundamentally different emission time profiles,
where the Cherenkov light is emitted instantly and the scintillation follows a multi-exponential
decay profile. For this reason it is possible to apply a time sorting of the detected PMT hits
to increase the relative contribution of Cherenkov light in the CID cos o distribution. In the
CID method this is done through the Nth-Hit variable, whose calculation depends on the ToF
correction using the effective group velocity vgff. This parameter is described by the effective
refractive index ngff =c/ vgff, as defined in Equation 3.7. Prior to this work, the effective
refractive index in Borexino has been quoted as ngffta = 1.68 for data and as nlg/f[fc = 1.66
for MC events. These values have been determined using calibration data to optimise the
position reconstruction algorithm [105]. The exact procedure on how these values have been

determined is not explained in any Borexino publication and the values are given without
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uncertainty. Furthermore, they are explicitly linked to the position reconstruction algorithm
and depend on the particular choices made for the hit time PDF used in the likelihood fit. As
such, these values are not so much a property of the LS, but more so a property of the position
reconstruction algorithm; a different PDF would result in different optimal values of ng¢. The
conclusion is then that the correct effective refractive index of the LS must be measured for
the data and for the MC and its uncertainty must be estimated, as it represents a systematic
uncertainty on the production of the Nth-Hit cos & histograms. For this reason a new method
has been developed to perform an in-situ measurement of the effective group velocity, using
the '*C—??Rn source, deployed during the 2008-2009 calibration campaign [85]. As the
source has been deployed at a large number of different positions in the detector it is possible
to produce distance dependent PMT hit time distributions. Fitting these hit time distributions
for each individual PMT, allows one to plot the average arrival time of the earliest detected
photons, as a function of the distance between the PMT and the source position. The effective
refractive index nsz can then be estimated through a polynomial fit.

This measurement is explained in some detail, because the methods developed here could
be potentially useful for future, large scale LS experiments. First, Section 4.1 explains the
event selection from the '*C—??’Rn source spectrum. Then, Section 4.2 defines the effective
group velocity vgff and the effective refractive index ngff in the context of the CID method
and the Borexino detector. Section 4.3 explains in detail the measurement procedure and
Section 4.5 presents the results of the measurement and the systematic uncertainties. Finally

Section 4.6 concludes this chapter with a summary.

4.1 !'Y4C-2?2Rn calibration source event selection

During the calibration the vast majority of the calibration points have been obtained with
the compound '*C—?*?Rn source, as it provides @, 3, and 7 particles in a relatively large
energy region. The main purpose of this source has been the measurement of the position
reconstruction uncertainty, necessary for the estimation of the FV systematic, as well as the
measurement of the position dependent non-uniformity of the energy response [85, 142].
The ??>Rn decay chain provides three o emitters: >>’Rn, >'®Po and 2!#Po, with energies of
5.5MeV, 6.0MeV and 7.4 MeV, respectively. As « particles have a large stopping power
dE /dx, they consequently have a large ionisation quenching factor, reducing the 8 equivalent
visible energy. In the Borexino LS this quenching factor is Q(E) = 20.3 — 1.3E [MeV] [143].
For the measurement of the effective scintillation group velocity these o events are of primary
interest, as they exclusively provide scintillation without a contamination of Cherenkov light.
Additionally, the total number of scintillation photons is relatively low, which is important
because it makes sure that the PMT hit time distributions are well within the single photon-
electron regime. The impact that multiple photon-electrons could have on the detected hit
time does not need to be taken into account here. The B-emitters '“C and 2'*Bi are not of
interest here, but they are also present in the source spectrum.

Figure 4.1(a) shows the energy distribution of the events (black) from Run 8817 and
Run 8819, for which the '#C—2*?Rn source is deployed close to the detector centre. The energy
estimator NV, used here is the raw number of hit PMTs, without a geometric correction and
without a normalisation to 2000 live PMTs. The true position of the source is known from
pictures taken by CCD cameras, with a precision of < 1cm [142]. Applying a cut of 0.5 m
between the reconstructed event position and the true source position drastically reduces the
contamination from non-source events, mostly from '*C. The peaks of 2!“Bi, 14C and ?'“Po
are clearly visible, while >*’Rn, 2!8Po are not distinguishable due to the N}, statistics.

Two independent energy regions are selected for the measurement of the effective scin-
tillation group velocity: The ?!#Po peak and the >*?Rn+2!8Po peak. This makes it possible
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FIGURE 4.1: (a) Distribution of the number of hit PMTs N}, for the '*C~?*’Rn source for Run 8817

and Run 8819, with the source deployed in the centre of the detector. In black: All detected events,

in red: Events with a reconstructed position with a 0.5 m distance to the source position. (b) The Ny

distribution with the source at different positions. For a radial position of 2.42 m in blue and for 0.05 m

in red. Events are selected if the reconstructed position is within 0.5m of the source position. The

measurement of the effective group velocity is performed two times, on independent energy regions.
These are shown as the red and blue bands for the respective source positions.

to investigate a potential energy dependent systematic uncertainty. Figure 4.1(b) shows the
selected Ny, region for two different source positions. In red, the source is close to the detector
centre with a position radius of R = 0.05m, while in blue the source is off-centre at R = 2.42 m.
It can be seen that the 2!*Po and >??Rn+2!8Po peaks are shifted to higher N, values for the
larger radial position. This is due to the greater geometric acceptance of the PMTs that are
now closer to the source position. The events of interest are selected for each peak within
+20 around the mean of a Gaussian fit, shown as the red and blue bands. In total there are 151
source positions used in this analysis. The calculation of the >!#Po and *??Rn+>!3Po selected
M regions has been automated, but verified by eye. Here the focus of the event selection is
to exclude a contamination of the events by '“C on the left and by 2!*Bi on the right, while
providing a clear separation between the 2'*Po and *?*Rn+2'3Po selected N, regions. It is not a
problem if there is some fraction of 2!#Po events within the M, region of 2?2Rn+2!8Po, or vice
versa, as the they are all & emitters. For the investigation of an energy dependent systematic
uncertainty it is enough that the average event energy is different for the two selected M,
regions. The nominal analysis is performed on the >'“Po events for the data and for the MC,
while the analysis result of 222Rn+2'®Po is used for the estimation of the energy dependence
systematic uncertainty.

4.2 The effective group velocity

The group velocity of a photon wave packet is different than its phase velocity due to the
effect of dispersion in the medium. Given the wavelength dependent refractive index n(A) the
group velocity v, (4) can then be expressed with ng(A ), as shown in Equation 4.1. Here ng(A)
corresponds effectively to the function of the refractive index in the absence of dispersion:

4.1
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Figure 4.2 shows the comparison of the normal MC refractive index n(4) in black with
ng(A) in red. In the wavelength region where photons can be detected, between about 370 nm
to 600 nm, the refractive index varies by about An = 0.05. The variation of ng(A) and the
group velocity is much greater at An, = 0.14, due to the impact of the derivative dn/dA. This
also means that relatively small differences in the refractive index between the data and the
MC can introduce relatively large systematic differences in the resulting group velocity and
propagation time of the photons.
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FIGURE 4.3: (a) The MC PPO emission spectrum (black) compared to the detected spectrum at the
PMTs for electron events simulated uniformly in a 3 m radius. The change between the emitted and
detected scintillation spectrum is due to the absorption by PPO, which dominates the LS attenuation
(red) below ~390 nm. (b) The MC wavelength distribution of the detected hits for different distances d
between the true event position and the hit PMT. At d = 4.0m (red) there is a small, but significant
difference compared to d = 7.5m (yellow) if all PMT hits are considered. If only the earliest 10% of
all detected PMT hits are considered, then d = 4.0m (black) and d = 7.5 m (blue) have a much larger
difference between each other. Longer distances result in more red-shifted wavelength distributions
due to PPO absorption and Rayleigh scattering.

The group velocity can be calculated for a single photon wavelength from the refractive
index. Because the PMTs detect a broad wavelength distribution of photons the effective
group velocity could then be defined as the average value of the product from the group
velocity function, weighted by the wavelength probability distribution. In the context of the
Cherenkov directionality this is more complicated, because there is a need to focus on the
detection time of early PMT hits to be able to perform a time separation between Cherenkov
light and scintillation. Figure 4.3(a) shows the PPO emission spectrum (black) as it is used by
the Borexino MC, the PPO attenuation (red) for the concentration of 1.5 g/L in the LS and the
PPO scintillation spectrum as it is detected by the PMTs (blue), after travelling through the
detector. The events are simulated in a 3 m radius spherical volume around the detector center.
The scattering length in the LS is not shown separately, but it is negligibly large compared
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to the absorption length of PPO below ~ 390nm. The PPO emission spectrum peaks around
330 nm which is well within the region of its self absorption and consequently the detected
scintillation spectrum is shifted to higher wavelength values with a peak around 380 nm. This
means that most of the emitted scintillation photons are absorbed and re-emitted and only
photons with a wavelength > 370nm are detectable in Borexino, according to the MC.

The effect of the PPO absorption and Rayleigh scattering is illustrated in Figure 4.3(b).
Here the MC wavelength of the detected PMT hits is shown for different distances d between
the simulated event position and the hit PMT. Looking at all detected hits with d = 4.0m
(red) in comparison to d = 7.5m (yellow) shows a small, but significant red-shift for the
larger distance between their respective distributions. This is in accordance with the expected
behaviour due to PPO absorption. Looking specifically at the earliest 10% of the detected
PMT hits for the same distances d = 4.0m (black), d = 7.5m (blue) shows a much larger
difference in the their wavelength distribution. Due to the effects of Rayleigh scattering, PPO
absorption as well as the wavelength dependence of the group velocity, there is a selection bias
for the wavelength distribution of early hits. First, those photons that are produced at larger
wavelengths travel faster through the LS because they have a larger group velocity (smaller ng),
relative to photons with a smaller wavelength. Second, those photons that underwent the least
amount of scattering and no absorption and re-emission tend to be detected earlier because
they have the shortest, most direct path. Therefore, the detected wavelength distribution of
the earliest 10% of PMT hits is much broader and with a more pronounced tail to longer
wavelengths, than the wavelength distribution that includes all PMT hits. Larger distances
select PMT hits at longer wavelengths, which is more pronounced for early PMT hits, where
the impact of Rayleigh scattering becomes more important, compared to all (time independent)
PMT hits, where only the PPO absorption influences the detected scintillation spectrum.

This means that the effective scintillation group velocity of early PMT hits depends
on the refractive index of the LS, the scintillation wavelength distribution as well as the
PPO absorption length and Rayleigh scattering length in the LS. All these parameters are
implemented in the MC from laboratory measurements and have statistical uncertainties, as
well as unknown systematic uncertainties. Thus, the group velocity of early PMT hits is likely
different between the data and the MC due to the complex interplay and selection bias of these
factors. For the production of the CID Nth-Hit cos & distributions it is necessary to provide an
in-situ measurement of the effective group velocity of early hits for both the data and the MC.
This is done in the following sections using the '*C—2?’Rn calibration sources.

4.3 Fitting of the PMT hit time distributions

The following measurement of the effective group velocity of early PMT hits is defined by a
phenomenological formula, through the use of the effective refractive index ngff. Let u(d) be
the expected, average, true emission time of the earliest detectable photons for a given distance
d between the source position and the hit PMT. Consequently, the Tof of the photons is given
by the effective group velocity vsz =c/ ngff. The ToF distribution is already smeared, for a
given distance, due to the broad distribution of the scintillation wavelength. The Gaussian
standard deviation ¢ describes (approximately) this ToF smearing in addition to the detector
response from the PMT transit time spread, the read-out electronics, and event reconstruction
algorithms. With this the empirical definition of the effective group velocity of early PMT hits
follows from a measurement of p(d) =d - vgff =d-c/ ngff.

The value of u(d) can be estimated by fitting the measured PMT hit time #;; distribution,
which is defined similarly to Equation 3.7, but here #; = ;3" + ey explicitly excludes the
ToF correction. The multi-exponential time decay of the scintillation, as well as the effect of

absorption and re-emission is modeled effectively through a bi-exponential decay with the
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parameters T, Tp, and the relative contribution of each exponential decay component R. The
fit is then defined as the convolution between the Gaussian and the exponential decay:
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Here A is the total amplitude of the function, given the statistics of the data and Aef, Uref,
Oret 18 the effective description of a possible reflection peak. The reflections can occur on the
stainless steel vessel, on the PMT cathode, and inside the PMT light collection cones. This
can introduce a non-negligible secondary peak at later times in the hit time distribution. This
relatively complex behaviour is included here, as otherwise the choice of a particular time cut
would be necessary to exclude this reflection peak, which could introduce a systematic fit bias.
Given the measured PMT hit time distribution N (#,;;) in form of a histogram, with a number
of I bins, the fitting is then performed with a Poissonian log-likelihood ratio test statistic A r:
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The hit time distribution N (f,;) of the data is produced for each PMT and each source
position individually. For the 1827 live PMTs during the calibration campaign this could
result in ~ 270k hit time histograms. In reality, most source positions do not provide enough
hit statistics for most PMTs to be fitted, resulting in a number of ~ 54k usable histograms for
the data. Here, the minimum statistic is limited to histograms that have a peak value of at least
30 hit entries. The hit time distribution of the MC is produced in the same way as the data: For
each source position a number of 2!#Po events is simulated with about ~ 1.5 times the statistics
of the selected data events. The minimisation of A g = A r(A, 1,0, R, T1, T, Aref, Uref, Oref)
is performed with the MINUIT [144] algorithm of ROOT [104]. The fit is performed once
with a binning of 1.0 ns and once with a binning of 0.5 ns for the estimation of the systematic
uncertainty from the binning selection.

The parameter of interest here is t(d), while the other parameters give supplementary
information, that could in principle be used for a relatively precise fine-tuning of the MC.
A plot of u(d) vs. d allows then the correct calculation of the effective reflective index of
early hits for scintillation light in Borexino, including the effects of the photon wavelength
distribution, Rayleigh scattering and the full detector response.

The fitting is done by an automated script and a sample of the results is cross-checked
by eye. The performance of the fit function from Equation 4.2 is exemplary illustrated in
Figure 4.4 for a relatively small PMT-source distance d = 3.58 m. The measured hit time
distribution of PMT No. 1426 (black dots) is plotted on the left for the data and on the right
for the MC. The yellow line is the best fit function f(z), while the red bands represent the
Poissonian 68.3% and 95.5% confidence intervals. The blue line shows the position of the best
fit value of u, with the uncertainty of the fit Au = ~0.1ns. The influence of the (effective)
exponential decay times can be seen by the relative large difference between the peak of the
function and u, which represents the average arrival time of the earliest detectable photon hits.
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FIGURE 4.4: Exemplary fit for a short PMT-source distance of 3.58 m. The hit time distribution is

shown as black dots, the best fit as a yellow line and the Poissonian confidence intervals as red bands.

The best fit for the fit parameter tt, describing the average arrival time of the earliest detectable photon
hits, is shown as a blue line. (a) 214Po data fit. (b) 2!4Po MC fit.

The reflection peak (Aef) is not visible here, as it is cut off; it arrives at around ~100ns and it
is negligibly small due to the geometric acceptance of this PMT.
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FIGURE 4.5: Exemplary fit for a large PMT-source distance. This is an extreme, but rare example
between the possible differences in the qualitative hit time distribution of data and MC. The source is
positioned directly on the line between two opposite PMTs with light collection cones, giving rise to a
very large reflection peak in MC, likely due to a slightly incorrect geometry of the light collector. The
hit time distribution is shown as black dots, the best fit as a yellow line and the Poissonian confidence
intervals as red bands. The best fit for the fit parameter u, describing the average arrival time of the
earliest detectable photon hits, is shown as a blue line. (a) 2!*Po data fit. (b) 21“Po MC fit.

This is different in Figure 4.5, where a particular large PMT-source distance of 8.55m
is plotted for PMT No. 1185. Again, the data is plotted on the left and the MC is plotted on
the right. For the data the reflection peak is clearly visible and the fit function is well able to
reproduce the full hit time distribution. This PMT and source position is selected to showcase
the biggest observed difference between the data and the MC in this analysis. The source here
is situated in such a way, that it lies directly on the connecting line between two PMTs, where
one PMT is close by and PMT No. 1185 is far away, and both PMTs have a light collecting
cone. For the MC the reflection peak is about ~ 5 times larger than the primary peak. This
explicit investigation of the individual PMTs brought forth a systematic difference between
the MC and the data, where the light collecting cones of MC likely have an incorrect geometry.
Under rare circumstances the MC hit time distribution is grossly incorrect, but for most PMTs
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the hit time distributions are in qualitative agreement and such extreme differences no not
occur often. Such a behaviour is not visible in a hit time distribution that is averaged over all
PMTs, as has been done in the Borexino calibration [85], and as such its impact is negligible
for the spectral analysis. Likewise this is not of concern for the CID method, where the focus
is on early PMT hits to improve the Cherenkov to scintillation hit ratio, but it shows the
robustness of the fit function 4.2.
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FIGURE 4.6: The distribution of fit parameters for data (black) and MC (red). (left) Detector response

smearing (Ggaa) = 1.47ns, (omc) = 1.60ns. (middle) Fast component of the effective exponential

decay (7|, data) = 6.818, (71, Mc) = 7.5ns. (right) Slow component of the effective exponential decay
<T]‘ data> =51.5ns, <T1’ MC> = 54.6ns.

The last Figure 4.6 of this section shows the distribution of the best fit values of the o,
T1, Tp parameters. It can be seen that all parameter distributions are significantly different
between the data and the MC. Here only the difference of (G)yc — (O)data = 0.13ns is of
some interest, because ¢ is an effective description of the detector response smearing for the
scintillation. If the underlying time distribution of scintillation hits is different between the
data and the MC, the Cherenkov to scintillation hit ratio will also be different and is therefore
in need of correction. This is done in Chapter 5. The differences of 7, 7, are not important for
any analysis of this thesis because they describe the time behaviour of ¢-particle scintillation,
which is different from the neutrino recoil electron time behaviour. Nonetheless, these plots
show that the fitting of the individual PMT hit time distributions could be potentially useful
for future large scale LS detectors, if there is a need for a very precise tuning of the MC PMT
hit time behaviour. This could be the case for hybrid detectors, which aim for event-by-event
direction reconstruction.

4.4 Polynomial fit of the scintillation effective refractive index

The next step for the measurement of the effective refractive index ngff is a polynomial fit

of the distance dependent arrival time of the earliest emitted photons u(d). The effective

scintillation group velocity vgff is described by nsz through Equation 4.1.
neff ( d) d
d)=-% dl= 4.4

Equation 4.4 describes the measured ToF 1t (d) of the earliest detectable hits as a function of
the effective refractive index ngff. This dependence is visible in Figure 4.7, where the best fit
values of (d) are plotted against the known distance between the hit PMT and the source
position d. Here all PMTs are plotted for all source positions, on the left for the data and on
the right for the MC. First, it can be seen that both the data and the MC roughly follow a linear
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FIGURE 4.7: Distribution of best fit 1(d) vs. d for all PMTs for the 2!#Po event selection. (a) For data.
(b) For MC, with the PMTs close to the vessel end-caps (| zpmT |> 6m) shown in red, the PMTs in the
main SSS door shown in blue and all other PMTs in black.

trend, as is expected from the Tof of the photons. The data has a much broader distribution
of u(d) compared to the MC, while the MC has some discernible features. In the MC the
bulk of the PMTs is shown in black, while PMTs close to the vessel end-caps are shown
in red, where some source positions produce visible outliers that have too large values of
w(d), compared to most other source positions. The 19 PMTs which are positioned inside
the stainless steel sphere (SSS) door of Borexino all have a systematically decreased value of
1 (d) and are shown in blue. The reason for this has been identified as a mistake in G4BX2,
where these door PMTs are simulated at a position with a radius 6.5 m, while in reality they
have a radial position of 6.9 m. The indentation and geometry of the door in the stainless steel
sphere is correctly implemented, but the "door PMTs" are incorrectly simulated with the same
radial position as all other PMTs. This mistake has not been identified before this work, but
it likely is negligible. Thus, here the blue "door PMTs" in Figure 4.7(b) have a fit value for
t(d —0.4m) at an assumed distance of only d, which can easily be corrected.
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FIGURE 4.8: The distribution of u(d) vs. d for the PMT No. 1878 in black and PMT No. 39 in red.

(a) For data these PMTs have a significant constant time offset between each other of ~4.5ns. These

two PMTs are selected to illustrate this offset behaviour and most other PMTs have a smaller but still

significant offset between each other. (b) For MC the same PMTs are well in agreement and no such
constant offset is visible.

The next Figure 4.8 illustrates the first reason for the relative broad u(d) distribution of
the data compared to the MC. As an example, the PMT No. 39 is shown in red and the PMT



58 Chapter 4. Measurement of the Effective Scintillation Group Velocity

No. 1878 is shown in black, on the left for the data and on the right for the MC. It can be seen
that the individual PMTs have qualitatively the same linear trend in both the data and the MC.
But in the data the two PMTs have a constant ~4.5 ns offset between each other. For MC
this is not the case and both PMT u(d) vs. d distributions are well aligned. The origin of
this constant offset is not known, but it can be seen here that it is stable in time for hundreds
of different source runs. Most PMTs in the data have such a constant offset between each
other, which is also often larger than the fit uncertainty At (d). This is the main reason for the
relative broadness of 1 (d) in the data, while in the MC this offset does not exit.
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FIGURE 4.9: The distribution of u(d) vs. d for the PMT No. 693. (a) The data (black) shows a large
spread of p(d) for different calibration runs, even when the source is positioned at similar distances.
For the MC this effect does not exits. The PMT is selected to illustrate this behaviour and in most other
data PMTs this effect is much smaller, but non-negligible. (b) The measured hit time distributions
(without ToF correction) of the same PMT No. 693 for different calibration runs with similar distances.
Run 9575 (black) has 5637 hits, while Run 10345 (blue) has 4624 hits. The shapes of the hit time
distributions are similar to each other, but they have a clear constant offset between them.

The second reason for the relative broad data pt(d) distribution is exemplary illustrated
in Figure 4.9(a). On the left the best fit i (d) values are plotted against d for PMT No. 693,
which is a normal PMT with a light collecting cone, that is neither in the door nor close to the
end-caps of Borexino. For data (black) the points show a large spread for different source runs,
even for comparable distances d. This spread is significantly larger then the corresponding fit
uncertainty Au(d) and this behaviour is present in most data PMTs, albeit to a much smaller
extent. For MC (red) this effect does not exit and the spread of u(d) is in agreement with
Au(d). The origin of this behaviour is unknown and Figure 4.9(b) on the right shows the data
hit time distribution for PMT No. 693, for a d = 5.42m in black and for a different source
run with d = 5.41m in blue. These distances are the same within the uncertainty of the CCD
camera position reconstruction, but the hit time distributions have a clear offset from each
other. It is also important to note, that the shape of these distributions, estimated by the best fit
parameters, is quantitatively the same except for the amplitude A and an offset in p(d). The
conclusion is then that the data PMTs have a hit time misbehaviour, where different runs have
a different constant time offset between each other, but this time offset is stable within a single
run. This effect exits for most PMTs, where it is relatively small, but still larger than the fit
uncertainty Ap(d) for some runs. For some PMTs this effect is very large, with PMT No. 693
being the worst performing PMT. The origin of this misbehaviour could be some unknown
error in the PMT time alignment with the laser system [97, 98], but it is unclear exactly what
the problem could be.

The last Figure 4.10 concerns the u(d) outliers that exist in both the data and the MC,
but only for PMTs close to the vessel end-caps. These PMTs typically have an absolute z
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FIGURE 4.10: The distribution of u(d) vs. d for PMT No. 1554, which has a position of x = Om,
y=1.8m, z= —6.1m, close to the vessel end-cap. (a) Both the data (black) and the MC (red) show
two (d) outliers for the same source positions. The positions correspond to distances, for which
the direct photon path is obstructed by the end-cap structure. (b) The MC PMT hit time distribution
of PMT No. 1554 for source runs of similar distance. The calibration Run 9515 (black) with 5697
hits as an obstructed photon path, while for Run 9554 (blue) with 4276 hits it is unobstructed. The
distributions have a significantly different shape that cannot be explained by a simple constant hit time
offset.

position of | z |> 6m (cos® > 0.9) and they number about 108 PMTs. Figure 4.10(a) on
the left shows data in black and MC in red for the same PMT No. 1554. The distribution of
w(d) is similar between data and MC, where both exhibit two outliers for the same source
positions. The reason for these outlying pt(d) values is shown in Figure 4.10(b), where the hit
time distribution of the MC PMT No. 1554 is plotted for two runs with similar distances of
d ~ 4.7m. The source position of Run 9515 (black) is such that the direct path between the
source and the PMT intersects the vessel end-cap structure, while the direct path for the source
position of Run 9554 (blue) is unobstructed. The hit time distribution of the unobstructed path
is qualitatively similar to most other hit time distributions, while the hit time distribution of
the obstructed path is much broader with a peak position shifted to later hit times.

This likely means that the end-caps have a shadowing effect, which only allows photon
paths to be detected when they are scattered around the end-cap structure. The conclusion is
then that these outliers can safely be excluded for the calculation of the effective refractive
index nsz. They are not the sign of an instability in the u(d) fit, but they are rather a geometric
hit selection bias that is correctly reproduced in the MC.

To summarise the qualitative differences and similarities between the data and the MC
best fit y(d) distributions:

* (d) has a low order polynomial dependence on d for both the data and the MC.
* For the data the hit time distributions are offset by a constant time between the PMTs.

* For the data the PMTs have a different constant time offset of the hit time distribution
for different runs. For some PMTs this results in a large spread of p(d).

* The data and the MC have some outliers in t(d) for PMTs close to the end-caps due to
the shadowing effect of the vessel end-cap structure for some source positions.

eff

Thus, the effective refractive index ng of the earliest detectable scintillation hits can be

estimated with a polynomial x? fit of the u(d) vs. d distributions:

n$"(d) =pi+p2-d (4.5)
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Due to the wavelength selection bias of early PMT hits there could be a complex distance
dependence on their effective refractive index. For the purpose of the ToF correction it is
enough to perform a phenomenological Taylor approximation that is well able to describe the
measured u(d) vs. d distribution, given the statistics. Here ngff(d) is estimated as a constant
as well as a linear function of d and it is found that the constant approximation is insufficient,
while the linear function is fully sufficient to explain the p(d) distribution. Please note
that the terms constant and linear are used here for the number of parameters in the ngff(d )
function. It is not a description of the p(d) vs. d distribution, which additionally includes
C;. These parameters Cy,...,Cigp7 are the constant time offset values for each individual
PMT to accommodate the discovered systematic offsets between the data PMTs. The factors
Si,...,81827 are used to increase the fit uncertainty Ap(d) to include the systematic spread
of u(d) for different runs, as seen in Figure 4.9. These two consideration of the systematic
differences between the individual PMT allows the correct estimation of the effective refractive
index for the scintillation. Additionally, the source positions that produce the u(d) outliers of
the PMTs close to the vessel edge are not included in the fit. The MC is fitted in the same way
and with the same PMT and source position selection as the data.

4.5 Fit results
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FIGURE 4.11: (a) Ascending values of the individual x? /ndf; values for the 1827 fitted PMT u(d) vs. d

distributions. Here ndf is the number of source positions used for each individual PMT minus one. The

data (black) has consistently larger values than MC (red) and some outliers of up to Xlz /ndf; = 278.2
(b) The distribution of the same X,-z /ndf; values for the data (black) and the MC (red).

The first step to perform the fit is to deselect those PMTs, which have the worst systematic
u(d) spread from run to run, such as PMT No. 693 in Figure 4.9. In total there have been
1827 live PMTs available during the calibration campaign, but here 10 PMTs are deselected
to avoid a possible systematic shift of the best fit ngff(d ) parameters. The deselection process
is illustrated in Figure 4.11(a), where the )(lz /ndf; value of each individual PMT is plotted, in
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ascending order. For the data (black) the Xiz /ndf; values are always larger than the )512 /ndf;
values of the MC (red) and the largest data X,-z /ndf; values show the impact of the run-by-
run spread of p(d). The 10 worst performing data PMTs are deselected and their p(d) vs.
d plots can be found in the Appendix A.l. Figure 4.11(b) shows the )(12 /ndf; distribution
of the individual, selected PMTs for the data in black and the MC in red. It can be seen
that the data y?/ndf; is much broader distributed than the MC and with a skew. This is
the effect of the systematically different run-by-run hit time offset of the individual data
PMTs. The fit uncertainty Au(d) itself is not necessarily perfect, as it results in a mean
value of (y?/ndf;) = 1.3 for MC, while Ap(d) is too small for the data with a mean value of
(x?*/ndf;) = 1.9.
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FIGURE 4.12: Distribution of residuals before (black) and after scaling (blue) of the uncertainties

Au(d) in the denominator. (a) For the data the standard deviation changes from 1.4Au(d) to 1.0Apu(d).

This value is large without the scaling because of the systematic run-by-run spread of t(d), which is

needs to be accounted for in the uncertainty. (b) For the MC the change is less severe from 1.1Au(d)
to 1.0Au(d), as there no such systematic misbehaviour exists.

The run-by-run spread of 1 (d) needs to be taken into account, which is done here through
the scaling factor S;, individually for each PMT. Every PMT has a corresponding number
of fitted p(d) values and a resulting x? value. The value of S; is selected for each fitting
value, during the minimisation process, such that y?/ndf; = 1 for every individual PMT. This
rescaling increases the fit uncertainty, to take into account the systematic uncertainty from
the change of the hit time offset for each run of a given PMT. The effects of the rescaling are
shown in Figure 4.12 for the data on the left and the MC on the right. The distribution of all
residuals (u(d;) —C;— ngff(d i)-dj/c)/Au(d;) is shown in black, while the distribution of the
rescaled residuals (p(d;) —Ci — ngff(dj) -dj/c)/(Si-Au(d;)) is shown in blue. Without the
rescaling the residuals have a standard deviation of 1.4 for the data and 1.1 for the MC and with
the rescaling these values are by definition 1.0. Using this method results in a conservative
estimation of the uncertainty Angff. The xiz /ndf; values and residual standard deviations of the
PMTs can be > 1.0 due to simple statistical fluctuations, but here the rescaling assumes that
these values are > 1.0 only due to the unaccounted systematic spread of u(d) for different
runs. This means that the values of S; > 1.0 are underscaling the summed x2 value of all
PMTs, as it is forced to take a value that is smaller than expected from the given statistics.
This results in an overestimation of the uncertainty Anzﬁ, as it is given by the Ay? = +1,
corresponding to the 68.3% (10) CIL.

The next step is to decide the degree of the polynomial nsz(d) function. Due to the
introduction of the scaling factor S; it is not helpful to look at the absolute values of x? for
different ngff models, as they are set to the same y? value by definition of the S; factors.

A hypothesis test for the number of polynomial parameters is not possible and instead it
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FIGURE 4.13: The distance dependence of the residuals, including the scaling of the uncertainty
S; - Ap(d). Here the residual values are averaged in bins of ten residuals, to make an incorrect fit model
more visible. For data on the left (a) and for MC on the right (b). On the top, the constant fit of nsz =pi

shows clearly a non-flat distance dependence of the residuals. The linear fit ngﬁ(d) = p1+p2-datthe

bottom has a much flatter distribution and no clear distance dependence is visible. Please note that the

residual values are relatively small due to the averaging and to a smaller extent due to the application
of the uncertainty up-scaling with S;.

is necessary to look at the actual distance distribution of the residuals. This is shown in
Figure 4.13 for the data on the left and the MC on the right. The ten residuals that are closest
to each other are averaged to make deviations from zero more visible. On the top, the averaged
residual distribution is given for the constant fit of neff = p1, while the bottom shows the
averaged residual distribution for a linear fit of ng T(d) = p1 + p> - d. 1t can be seen for both the
data and the MC that a constant ngff function is not well able to describe the measured i (d)
vs. d distribution. The average residual distributions have the shape of a negative parabola,
which is much more pronounced in the MC. The residual values are significantly smaller than
1.0 due to the averaging of ten residuals and the error bars correspond to the uncertainty of the
average. Using the linear ngff(d) function shows a much flatter residuals distribution. This
does not necessarily mean that the true, underlying neff(d ) function is fully described by a
linear function. Here ngff(d ) only needs to approximate the true behaviour well enough, such
that the systematic differences in the ToF correction between the true group velocity and its
linear approximation are negligible, compared to the other uncertainties on the PMT hit time
distribution of the earliest detectable hits.

Figure 4.14 shows the Ay?(pi,p2) distribution in units of the Gaussian equivalent ¢
(16 =68.3%, 20 =95.5%, 16 = 99.7%). The data is shown on the left and the MC is shown
on the right. The profile is produced through a scan of the two dimensional parameter space,
where for each selection of (p;, p») the PMT constants (Cy, ..., C1gp7) are treated as nuisance
parameters, see Equation 4.6. Thus, the absolute x2 value is calculated with C; values such that
xz is minimal for the selected values of (p;, p»). The two dimensional confidence intervals
are then calculated from the Ay? profile with two degrees of freedom. It can be seen that the
parameters p;, p are anti correlated in the fit and the quoted uncertainties Ap; and Ap, take
this into account. The best fit results of the effective refractive index neff = p1+ p2-d are:

* For the data: p; = 1.6867 4-0.0023, py = (—0.296 +0.018) 10~ >m !
* For the MC: p; = 1.7141 £0.0015, p, = (—0.575+£0.012) 10?m~!

The results of the data and the MC are significantly different between each other, with
relatively small statistical uncertainties of Anzlcf / ngff < 0.2% for distances up to 9m. The
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FIGURE 4.14: The best fit results for the linear model of the effective refractive index ngff(d ). They are

shown as a two-dimensional sz profile, in units of the two dimensional Gaussian standard deviation
o. The parameters p; and p; are strongly anti-correlated in the fit. (a) For the data the fit values are
p1=1.6867, p» =—0.00296m~". (b) For the MC the fit values are p; = 1.7141, p = —0.00575m™".

quoted uncertainty of the data is bigger than that of the MC due to the systematic run-by-run
spread of u(d), accommodated through S;. The negative slope p; results in a lower effective
refractive index and consequently in a faster effective group velocity for larger distances.
This behaviour is qualitatively in agreement with the expectations from Figure 4.3, where the
wavelength distribution of photons with a larger distance d is selected from longer wavelengths
due scattering. Longer wavelengths correspond to a larger group velocity (smaller refractive
index). The constant model of ngff = p; results in values of ngff = 1.6631£0.0002 for data
and ng™ = 1.6531 40.0001 for MC.

4.5.1 Final results with systematic uncertainties

It follows the estimation of the systematic uncertainties for the nsz(d) analysis. First is
the effect of the scaling factors S;: The PMTs in MC do not (and can not) exhibit the
systematic run-by-run spread of p(d). Thus, the incorrect application of S; on MC can be
used to estimate the potential systematic uncertainty from the use of the scaling factors.
The uncertainty values are estimated from the absolute difference of the MC best fit results
with and without S;, resulting in systematic uncertainties of Ap;(scaling) = £0.0008 and
Ap>(scaling) = +0.007 x 10~2m~!. The application of S; on the data is a conservative method
for the inclusion of the systematic p(d) spread in the total uncertainty budget of Au(d). The
systematic uncertainty from S; in the data is then estimated to be the same as for the MC.

Next is the selection of the PMT hit time binning. The nominal bin width used for the
analyses is 1 ns, where the hit time histograms are fitted for 1 (d), only when the peak of the
distribution has more than 30 entries. Applying a bin width of 0.5 ns, with a requirement of
the histogram peak to have at least 15 entries. This results in a slightly different selection
of PMTs and source positions. Additionally, there could be small scale structures in the
PMT hit time distribution that could influence the p(d) fitting procedure. Thus, the smaller
bin width selection can be used to estimate the potential systematic uncertainty from these
two sources. For the data this results in an absolute difference of the best fit values of
Ap1 (binning) = 4-0.0001 and Ap; (binning) = £0.003 x 10~2m~!.

The last point is the systematic uncertainty from the energy selection of the events. For the
measurement of nsz it is important to be in the single photo-electron regime for all distances,
as otherwise there could be a potential distance dependence on the best fit 11(d), coming
from the impact of multiple photon hits on a single PMTs. The best fit value of p(d) would
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shift to earlier times for multiple photon hits because only the time of the first detected
photo-electron is registered. For the selected >'“Po events with less than ~ 400 hits over
~ 1800 PMTs this is likely already the case, but the selected 2?’Rn+2!8Po events have about
1.7 times less hits on average. At the same time there are more *>*Rn+>'8Po events, such
that the total PMT hit number is larger than for the >'“Po events. This results in a slightly
different selection of PMTs which pass the minimal statistics condition at different source
positions. The 22?Rn+>'8Po events are only analysed in the data with the best fit results
of p1(***Rn +2!8 Po) = 1.6859 40.0014, p>(**>Rn +%'¥Po) = (—0.2924+0.011) 10~ >m~!.
Again the absolute differences between the results with the 2'“Po events and the 22?Rn+>!3Po
events are used as an estimation of the potential energy depended systematic uncertainty. They
follow as Apy (energy) = £0.0008 and Ap, (energy) = £0.004 x 10~2m~!

All these potential systematic uncertainties are estimated maximally conservative, where
the absolute difference between the different ngff(d) results is used. It is possible that the
analysis results are different from each other, mostly due to simple statistical fluctuations,
but at the same time this method of estimation is very simple. The final values of the
nf;,ff(d) = p1 + p2-d measurement are given in the following, under the assumption that the
systematic uncertainties are uncorrelated:

* For the data: p; = 1.6867 +0.0023 (stat.) £0.0012 (syst.)
p2 = (—0.296 +0.018 (stat.) +0.009 (syst.)) 10 ?m ™!

e For the MC: p; = 1.7141 £0.0015 (stat.) +0.0012 (syst.)
p2 = (—0.575+0.012 (stat.) +0.009 (syst.)) 10> m ™!

4.5.2 Validation of the MC result

The question now is how well this analysis procedure is able to measure the true, underlying
value of interest, which is the effective group velocity of the earliest detectable PMT hits of
the scintillation. This velocity is necessary to perform a ToF correction on the PMT hits, such
that the Nth-Hit time like variable can be used to improve the Cherenkov to scintillation ratio
for the CID analysis.

What are these "earliest detectable PMT hits"? They are those hits that are emitted
almost instantly by the LS, do not undergo absorption and re-emission and are only minimally
scattered in the detector. Using the G4BX2 simulation it is possible to produce the hit time
distribution for exactly these scintillation hits of interest. For this purpose the re-emission
probability is set to zero in G4BX2 and likewise the scintillation emission decay times are also
set to zero, i.e. an instantaneous photon emission. Additionally, the production of Cherenkov
photons is turned off. The absorption and scattering inside the LS is kept on because those are
necessary to select the same, distance dependent photon wavelength distribution as for the full
MC ngff(d) analysis.

MC Earliest PMT Hit Times

— Simulated d=3.0m = p =(16.971 £ 0.009) ns
— Simulated d = 6.5m = p = (36.287 £ 0.009) ns
— Simulated d = 9.0m = u = (49.880 + 0.009) ns

FIGURE 4.15: Validation of the ngff measurement 12
for the MC. Here the simulation is modified, such
that the scintillation photons are emitted instanta-
neous, and without re-emission after absorption in
the LS. This results in the MC true hit time distribu-
tion, without the PMT transit time spread and event
reconstruction uncertainties. The peaks of the hit
time distributions for different distances correspond 0.2

to the Tof of the earliest detectable photons. 0

0.8

0.6

04t

Distribution [arb. units]
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Figure 4.15 shows the distribution of the MC true PMT hit times of the scintillation
photons, for different distances between the event position and the hit PMT. First, the electron
events are simulated at a position of x = 3.5m and the four closest PMTs are selected to
produce the black distribution, corresponding to d = 3.0m. The red distribution is for electron
events in the centre and all PMTs with light collecting cones are selected, except the door
PMTs, for a distance of d = 6.5m. The blue distribution is for electrons simulated at x =2.5m,
but now the opposite four PMTs are selected, which are furthest away from the event position
with a distance of d = 9.0m. All distributions have a distinct peak with a tail at later times. This
peak then corresponds to those scintillation hits, that are emitted instantly in the scintillation
process and do not undergo absorption and re-emission. The spread of the peaks comes
from the wavelength dependence of the group velocity for the different photons, given the
scintillation spectrum. The tails of the hit time distributions correspond to photons that are
affected by Rayleigh scattering, multiple scattering or by reflection on some surface.

The peaks are fitted with a Gaussian, while safely excluding the tail region. This re-
sults in the expected ToF values for the "earliest detectable PMT hits" as e (3.0m) =
(16.971 £0.009) ns, Uirye(6.5m) = (36.335+0.009) ns, Lrue(9.0m) = (49.880+0.009) ns.
The expected ToF values L5, are calculated according to Equation 4.4 with nS'f

eff
d=3.0m d=65m d=9.0m

Uirue (16.971+0.009)ns  (36.287+0.009)ns  (49.8800.009) ns

g (16.969+0.020)ns  (36.329+0.047)ns  (49.871+£0.071)ns

(.utrue - .uﬁt)

—0.12 0.88 —0.14
\/ Aldirue + ARG

TABLE 4.1: Validation of MC effective refractive index nsz(d ).

Table 4.1 compares the ToF from the modified MC simulation . with the expected
values g, according to the ngff(d ) measurement. The absolute difference between the ToF
MC truth and fit values is smaller than 0.05 ns and the results are well in agreement within
their (conservative) uncertainties. The ToF uncertainties Auge of the fit are negligibly small,
compared to the fitted standard deviation of the early hit times with ¢ = 1.6ns, which includes
the transit time spread of the PMT and the event reconstruction (see Figure 4.6). It can be
concluded that the ngff(d ) fitting procedure, using the '*C—2??Rn calibration source, is well
able to describe the effective group velocity of the earliest detectable PMT hits. As this is
certainly the case in the MC it is then reasonable to assume that it is also true for the data. The
linear n¢(d) model is sufficient for a phenomenological description of the effective group

g
velocity and is thus used in the following CID-analyses of the solar neutrinos.

4.5.3 Effect of the PMT time constants on the position reconstruction.

The analysis of the individual PMT hit times is used mainly for the measurement of the
effective refractive index, by fitting the best fit u(d) vs. d distributions of the individual
PMTs. As previously stated this analysis approach makes it in principle possible to perform
a very precise fine tuning of the MC to reproduce the data results. Here an additional use-
case of the fitting procedure is explored through the potential improvement of the position
reconstruction algorithm. In the Borexino calibration campaign it has been noticed, that the
position reconstruction of the data exhibits a position dependent systematic shift in -Z of up to
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~ 4 cm and this shift is maximal in the centre of the detector, see Figure 22 in [85]. The origin
of this systematic shift has never been found out but its impact negligible for the spectral fit.

_ Data Data
L All PMTs ol T AIlPMTs
g ___McC ) s MC
. PMTs with Cone i " All PMTs
| __MC |
PMTs w/o Cone

Distribution [arb. units]
S

Distribution [arb. units]
S

T

[
2

-3 -2 -1 0 1 3 0.02 0.04 0.06 0.08 0.1 0.12
Fitted PMT Constants [ns] Fitted PMT Constants Error [ns]
(@) ()

FIGURE 4.16: (a) The distribution of the best fit constant hit time offsets C; of the individual PMTs for

the data (black) and the MC (red, blue). The data has a much larger distribution than the MC, while

in the MC a substructure is visible for PMTs with (red) and without (blue) the light collecting cones.

(b) The corresponding fit uncertainty AC; distribution. The data has larger uncertainties due to the
increased uncertainty A (d).

Figure 4.16(a) on the left shows the distribution of the best fit PMT constants C;, relative
to their average value. For the data (black) the bulk of the distribution is concentrated in
a Gaussian, with a standard deviation of ~ 0.3ns, while there are some outliers of up to
+3ns. The MC is shown in red for PMTs with a light collecting cone and in blue for PMTs
without one. The reflection within the light collecting cones results in a small hit time offset
of ~ 0.2ns relative to the PMTs without cones. Additionally, again the incorrect simulation
of the door PMTs is visible around —2 ns. Figure 4.16(b) on the right shows the distribution
of the corresponding fit uncertainties of the PMT constants AC;, for the data in black and the
MC in red. The data has a higher uncertainty, mostly due to the impact of the systematic
run-by-run spread of p(d).

A Position Reco. 1000/ Normal Position Reco.
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L ve extreme PMTs 8001~ Remove extreme PMTs
g 8001~ 55+ 0.07 cm g r w=-431+0.07 cn
2 r -t all PMTs < 600~ Correct all PMTs
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FIGURE 4.17: The effect of the PMT hit time constants on the position reconstruction, for calibration

runs at the detector centre. The difference between the true source position and the reconstructed

position is shown for the X-axis on the left (a) and for the Z-Axis on the right (b). The normal position

reconstruction (black) shows a relatively large systematic offset for the Z-axis. Excluding the most

extreme offset PMTs with | C; |> 1ns (red) does not improve the position reconstruction. Correcting

the PMTs with their hit time constant C; (blue) does improve the position reconstruction significantly,
but it is still not in agreement with the true source position.
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Because the position reconstruction algorithm is a fit of the detected PMT hit times it
is reasonable to assume that the different PMT constants in the data can have a noticeable
influence. This is shown in Figure 4.17, where the '*C—*?*Rn source is deployed in the
detector centre. The difference between the source position and the reconstructed event
positions is shown on the left for the X-axis and on the right for the Z-axis. The nominal
position reconstruction is shown in black, while the position reconstruction that excludes the
PMTs with the largest absolute constant values | C; |> 1ns is shown in red. Just excluding the
most extreme offset PMTs does not improve the systematic mis-reconstruction, the AZ offset
is even increased in comparison to the nominal position reconstruction. The blue distribution
shows the result of the position reconstruction, where all PMTs are corrected with their hit
time constants C;. This results in a significant improvement compared to the nominal position
reconstruction. The systematic mis-reconstruction is reduced from AZ = (—4.31+£0.07)cm
to AZ = (—1.2740.07) cm. This is still significantly different from zero but it is nonetheless a
relatively large improvement in absolute terms. Thus, the systematic offset in the data position
reconstruction is mostly due to the combined effect of all the PMTs that have different constant
hit time offsets between them and not only due to a few PMTs with a large offset. Here the
effect of the systematic run-by-run spread of the PMT hit time offsets is likely the origin of
the remaining systematic position mis-reconstruction, together with the finite precision of the
measured hit time constants C; used for the correction.

These PMT hit time constants can have an impact on the CID analysis and should be taken
into account for the calculation of the ToF corrected hit times. Otherwise some PMTs can be
over-selected or under-selected for the first Nth-Hits cos o histograms. This could introduce
a bias in the cos o distribution that is not present in the corresponding cos & distribution
of MC. In contrast, the impact of the PMT constants on the systematic event position mis-
reconstruction for the ToF correction ngff -d /c is likely negligible, because it is small compared
to the position resolution with o > 10cm.

4.6 Conclusion and outlook

To perform a CID analysis it is necessary to improve the Cherenkov to scintillation ratio
through time sorting, as early PMT hits are more likely to have been produced in the Cherenkov
process than hits detected at later times. As such, the hit time sorting must be applied on the
reconstructed emission time of the corresponding photon. This reconstruction is performed
trough the time-of-flight correction of the distance from the reconstructed event position to the
position of the hit PMT. In this chapter the effective group velocity of scintillation light vgff,
necessary to calculate the ToF correction, is expressed trough the effective refractive index
veff — C/neff.
g g

It is possible to construct distance dependent hit time distributions for the individual
PMTs, using the '*C—?*’Rn («a-particle) calibration source at different positions inside the
detector. Fitting these distributions with a bi-exponentially modified Gaussian distribution
results in a distribution of the earliest detectable hit times (d) vs. d, for each individual
PMT. It is found that the u(d) vs. d distribution of all PMTs is well described by a linear
function of ngff(d ) = p1+ p2-d. The data PMTs exhibit a constant hit time offset between
each other, with a standard deviation of ~ 0.3 ns, where some PMTs have a relative difference
of up to £3.0ns. Furthermore, the data PMTs show a systematic uncertainty of u(d) on a
run-by-run basis, which is larger than the uncertainty from the fit Au(d), and it is different for
different PMTs. Accommodating these systematic differences between the individual PMTs
results in best fit results of the effective refractive index for the data as p; = 1.6867 £ 0.0026,
p2 = (—0.296 £0.020) 10~2m~"!. The MC is analysed in the same manner as the data and

gives the best fit results as p; = 1.7141 £0.0026, pr = (—0.5754+0.015)102m~!. The
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linear dependence of ngff comes from the wavelength distribution of the scintillation light and
the dispersion in the LS. This results in an over-selection of photons with a longer average
wavelength, and a faster average group velocity for larger distances, which is reflected in
the measured nsz(d) parameter values. It follows from the effective refractive index, that
the group velocity of the detectable photons is larger for the data than for the MC, given the
distances between 3 m to 9 m.

The uncertainties include the parameter anti-correlation of pj, p; in the fit, as well as
the systematic uncertainties of the selection of the energy region, the hit time histogram
binning, and the run-by-run systematic uncertainty of (d). These systematic uncertainties
are estimated maximally conservative as the absolute difference between the fit results of
the different selections. These results have a relative small uncertainty, compared to the
position resolution of ~10cm, for events with 1 MeV electron equivalent energy. For example,
using Equation 4.4, at d = 6.5m this position resolution provides a ToF uncertainty of up to
At = 0.55ns, compared to the ToF uncertainty from the effective refractive index of data, with
only At = 0.06ns.

The measurement of the effective refractive index for MC is validated trough a modified
G4BXx2 simulations, where the scintillation is emitted instantly and re-emission is turned off.
It is found that the analysis method, using the ¢-source at many different positions, gives ToF
results that are well in agreement with the MC true, underlying group velocity of the early
PMT hits. This means that the analysis method used here provides a valid measurement of
the effective refractive index and group velocity of the earliest detectable PMT hits. This
measurement is taken in-situ, including the effect of the scintillation wavelength distribution
and the dispersion in the full LS volume. The significant differences between the data and
the MC results can stem from a variety of different sources, including differences in the
scintillation spectrum, absorption and attenuation length and the refractive index of the LS.
Ultimately, the origin of the differences can be summarised such, that the data and the MC
have a different wavelength distribution of the detected scintillation hits and a difference of
the refractive index, resulting in a different effective group velocity between data and MC.

Following this it would be possible to fine tune the G4BX2 parameters of the scintillation
time profile to improve the agreement between data and MC, but this is not done here for two
reasons: First, it is a prohibitively large amount of work, which would make it also necessary
to re-perform the entire calibration for the position reconstruction, a/f discrimination, light-
yield, and so on. The MC is already well able to model the spectral shape of the data and
it is successfully used for the spectral fitting. Secondly, the fine tuning of the scintillation
would not improve the knowledge of the Cherenkov time behaviour and there would still be a
systematic difference left between Cherenkov light and scintillation in the data and the MC.
Instead, only a small correction will be introduced in the G4BX2 event simulation, which
is the relative Cherenkov group velocity correction gv,;,. This parameter is explained and
measured in the following Chapter 5, using y-calibration sources, as no dedicated Cherenkov
sources exits for the Borexino detector.

The detected mis-behaviour, where the individual data PMTs show a constant hit time
offset between each other, should be included and corrected for in the ToF calculation of
the PMT hits. For MC this mis-behaviour does not exist, which is why it can introduce a
systematic uncertainty. From the measurement here it is not clear how stable this behaviour is
in time, as the calibration sources have only been deployed in a relatively short time window
between 2008—2009. Consequently, the measured PMT constants must not necessarily be
applicable for the entire detector live time. Considering the run-by-run hit time offset of
individual PMTs it is well possible that the effective hit time offset is different from the results
of this chapter compared to the full live time of the different detector phases. Therefore,
additional measures are taken to select PMTs with a good time behaviour for the CID analysis.
First, for the CID proof-of-principle using the "Be-v edge energy region in Chapter 6, the
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PMTs are selected according to a statistical argument between the number of the first detected
PMT hits in data and MC. For the measurement of the CNO neutrinos in Chapter 7 a more
sophisticated method is developed, where the cosmogenic ''C events are used to produce the
PMT hit time distributions for the full live-time of each phase. This takes into account the
effective change that the PMT hit time behaviour can undergo throughout a single detector
phase.

The analysis method presented here could also be potentially useful for future, large scale
LS detectors like JUNO [69]. JUNO has a much larger detector volume of 20 kt compared to
Borexino with 278 t, and with a radius of 19 m. This will likely result in a greater influence of
the dispersion and consequently the effective refractive index function could need a higher
order polynomial > 2 to correctly model the scintillation photon ToF behaviour. Likewise,
for hybrid detectors like the proposed THEIA [72] the fitting of the individual PMT hit times
distributions potentially allows for a very precise fine tuning of the MC hit time behaviour.
This could be helpful for the identification of systematic uncertainties, and for the improvement
of a time based event-by-event direction reconstruction algorithm.
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Chapter 5

Cherenkov Group Velocity
Calibration using y Events

Abstract

The CID measurement of neutrino events necessitates a selection of early PMT hits, to increase
the Cherenkov over scintillation hit ratio, as otherwise the high scintillation hit statistics would
overwhelm the directional information of the Cherenkov hits. When applying such a selection
of early PMT hits it is necessary to have a correct knowledge of the Cherenkov to scintillation
hit ratio for each Nth-Hit, such that the number of neutrino events can be inferred from the
number of Cherenkov hits in the CID data set. This can be quantified through a calibration
of the Cherenkov hit time behaviour, relative to that of the scintillation hits, between the
data and the MC. This chapter presents such a calibration, modeled through the so called
"effective Cherenkov group velocity correction" gv.,. The gv, parameter has the units of
[nsm~!] and it is applied on the lowest level of the G4BX2 simulation, shifting the true PMT
hit times of Cherenkov photons to earlier times. This correction is effectively an increase
of the MC Cherenkov group velocity, relative to that of the MC scintillation photons. The
gv., parameter is measured using ¥ calibration sources, for which it is possible to reconstruct
the initial event direction, as no dedicated electron calibration source exists for Borexino.
The calibration result is gv,;, = (0.108 +0.006(stat.) = 0.038(syst.)) ns m~', where the large
systematic uncertainty is dominated by the systematic direction mis-reconstruction between
the data and the MC y events. This gv,,, parameter is an effective parameter, changing the
MC Cherenkov group velocity in such a way that the angular distribution of PMT hits is in
agreement between the data and the MC for the early Nth-Hits of the events.

This Chapter deals with the relative hit time calibration of the Cherenkov hits. The pre-
vious Chapter 4 showed that there is a significant difference between the data and the MC in
the group velocity of the earliest detectable scintillation photons. For the scintillation hits
of the data a larger group velocity (smaller effective refractive index) is measured than for
MC. The likely, underlying origin of this difference is the combination of a difference in the
scintillation wavelength spectrum as well as a difference in the refractive index of the LS. This
means that the Cherenkov hits must also have a difference between the data and the MC, which
must be measured and corrected for. Ideally, this should be done with a dedicated electron
Cherenkov calibration source, where the direction of the electron events is well known. There
is no such source in Borexino, as the Cherenkov directionality has not been of interest at
the time of the calibration campaign. Instead, the calibration of the Cherenkov hit time is
performed here on **Mn- and “°K-v events. Previously, the >*Mn+*°K-y-source has been used
for the calibration of the energy scale, in combination with other y-sources [85, 142].
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The first Section 5.1 explains the Cherenkov calibration method using the y-sources. The
reason for the use of the y-source, instead of an electron source, is that it is reasonably possible
to perform a direction reconstruction on the y-events, while this is not possible for the electron
sources available in Borexino. The second Section 5.2 shows the event selection and the
angular distribution of the detected hits, i.e. the equivalent of cos ¢, while the subsequent
Section 5.3 explains the choice of the effective model for the Cherenkov calibration. The next
Section 5.4 explains the origin and correction of the most relevant systematic uncertainty of
this calibration: The direction reconstruction systematic. Then, Section 5.5 defines the test
statistic and shows the result of the Cherenkov calibration, including additional, but relatively
small systematic uncertainties. The last Section 5.6 presents a summary and conclusion of the
effective Cherenkov calibration trough Y events.

The analysis method of this chapter has been jointly developed with [
and results have been cross-checked and independently reproduced by her as part of her
dissertation [145]. Parts of the analysis presented here are also published in the associated
CID paper [135].

5.1 Method

To be able to perform a Cherenkov calibration it would be ideal to have a calibration source that
either produces pure Cherenkov light without scintillation or a source where the Cherenkov
light has a well known direction. Ideally, both conditions should be fulfilled. Such a source
has not been produced for the Borexino calibration campaign, as the Cherenkov light is not of
direct importance for the spectral neutrino analyses. While electron calibration sources exit
(>'4Bi for example), it is not possible to perform a direction reconstruction of these electron
events, as the relative number of Cherenkov to scintillation hits is far too small.

Nonetheless, there is a type of calibration source, for which the Cherenkov direction
can be estimated through the reconstruction of the event direction: The y-sources'. These
sources have been used for the energy calibration in Borexino, which necessitated them to be
mono-energetic, and where the scintillation light from the associated o or § emissions had to
be suppressed. To achieve this, the radioisotopes of interest have been dissolved in de-ionised
water and filled in a 1" diameter quartz sphere [85].

FIGURE 5.1: Schematic illustration of the Yslm”ce

cos 0 angle used for the Cherenkov calibration o

with a y-source. A 7y event (dashed, red line) NG

is emitted from the calibration source position Y\ \\7‘6‘ .

Fsource (red circle). The initial direction of the pYY

Compton-scattered electrons (solid, red line) reco . N Tl

tends to be correlated to the y direction. These I,(,»],H,”‘-'\u RIS .

electrons emit Cherenkov light (orange cone) N /.' ‘*-..‘_i

that is then also correlated to the initial y di- _ @0” o/ T '() — PMT
rection, while scintillation photons (blue) are M\Q\\ ey ;""t',,

uncorrelated. The directional angle cos d is then i o, .

given by the reconstructed gamma direction and er‘ Yo

the photon hit direction. Used in [135]

Figure 5.1 shows the schematic idea of the Cherenkov calibration trough the y-source
events. The source position (red sphere) is known with a precision of <1cm from the CCD
cameras [142]. Thus, the origin of the y-source events is known with a precision of ~1.5cm,
given the radius of the spherical vial. The ¥ event deposits its energy through Compton

1_ had the original idea of using the y-sources
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scattering in the LS. This results in a total event energy deposition that is not point-like, but
rather a cloud made up of a number of individual point-like energy depositions from the
Compton scattered electrons. This "deposit cloud"” is indicated by the green ellipse in the
figure. The energy deposits have a standard deviation of about ~20cm around the barycentre,
according to the MC true deposit positions, for “°K-y events with 1.46 MeV. This deposit
cloud is reconstructed as a single event position Fgoyrce, given the ¥ event PMT hit times. Using
the source position 7source and the reconstructed y event position 7y it is possible to estimate
the 7y event direction. The Compton scattered electrons can have enough energy to produce
Cherenkov photons, shown in the red cone of Figure 5.1. Using the known position 7pyr of
the hit PMTs it is then possible to calculate the angle 8, which is an analogue to the definition
of cos o for the solar neutrinos. Here, cosd describes the angle between the estimated y
direction Jy and the reconstructed photon hit direction d_;m:

- Yev — Fsource
dy

— = —
‘ Yev — Fsource |

> TpMT —Tev (5.1)

cos & = dhit - dy

The kinetic energy of the scattered electrons is largest for a small Compton angle, thus
they produce the most number of Cherenkov photons when they travel in the direction of the
7. Due to multiple Compton scattering, the overall distribution of Cherenkov hits is expected
to be strongly smeared out, with respect to the reconstructed y direction. It it reasonable to
expect that there is a larger contribution of Cherenkov hits for cos & > 0, relative to cos 6 < 0,
as the Cherenkov direction is correlated to the direction of the 7y events, while the direction
of scintillation hits is uncorrelated. Therefore, the cos d distribution for a large number of
7Y events should have some sensitivity on the time dependent number of Cherenkov hits and
the Cherenkov to scintillation hit ratio. The time like variable Nth-Hit is used to perform a
time sorting of the PMT hits, as is explained in Chapter 3. The ToF correction (Equation 3.7),
necessary for the correct estimation of the emission time of the photons, and for the Nth-Hit
sorting, uses the effective refractive indices measured in Chapter 4. Additionally, the relative
hit time offsets between the PMTs from Chapter 4 are also included in the ToF correction.
The general idea of the Cherenkov calibration is then to produce a model of the difference in
the Cherenkov hit time distribution between the data and the MC and then to perform a fit of
the model parameters on the Nth-Hit cos § distributions of the data.

5.2 The 7 event selection

The Borexino calibration has made use of a number of y-sources, namely 3°Sr (0.514 MeV),
3Mn (0.835MeV), ©Zn (1.115MeV), ®Co (1.173MeV + 1.333MeV), “°K (1.461 MeV)
[85]. Only >*Mn and *°K are able to provide enough event statistic at a high enough energy,
such that enough Cherenkov hits are included in the cos d distribution to perform a measure-
ment. The reasons for this are that 83Sr has a too low energy, ®Zn has a too low event statistic.
The %°Co is unusable because one event is made up of two consecutive ¥ emissions with an
uncorrelated direction, which makes the direction reconstruction impossible.

The 3*Mn- and “°K-y event selection is illustrated in Figure 5.2. On the right the number
of hit PMTs, Ny, distribution is plotted for the combined **Mn+*’K-source. The source
is positioned close to the detector centre, at x = 8.6cm, y = —8.8cm, z = 0.2cm (Runs
10415+10416). The black histogram shows all events during the run time, while the red
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FIGURE 5.2: The selection of the ¥*Mn- and *°K-7 data events. (a) Distribution of the Ny, number of

hit PMTs of the events, with (red) and without (black) a radial cut of 0.8 m around the source position.

The dotted lines show the selected energy regions for the respective y events. (b) Radial distribution

of the data events within the selected energy regions of 3Mn (black) and *°K (red). The dotted line
shows the radial cut.

histogram shows the event selection after a radial cut of 0.8 m between the source and
reconstructed event position. The main peaks of the >**Mn and “°K events are well visible
at around 310Ny, and 530Ny, respectively. Below ~ 260Ny, the influence of the intrinsic LS
background is visible (mostly 2!°Po and '#C), as well as its reduction by a factor ~ 2, due
to the radial cut. The energy region of interest is selected as 290 < Ny, < 350 for the **Mn
events and 480 < Nj, < 600 for the “°K events. These selections are shown as the dotted,
black lines. The number of intrinsic LS background events within the Rol is considered
safely negligible compared to the number of ¥ events. The number of selected data events are
N(**Mn) = 86414 and N (*°K) = 72842.

The right side of Figure 5.2 shows the corresponding radial distribution of these energy
regions, where the black and red distributions correspond to *Mn and “°K, respectively.
The radial cut is shown as a dotted line. While electron events at these energies provide
point-like energy depositions with a path length <5 mm, the y events have a much larger
free path length. The average difference between the source position and the reconstructed
event position is ~32cm and ~36 cm, for **Mn and “°K, respectively. This is larger than
the fit uncertainty of the reconstructed position, which allows for the reconstruction of the
initial y direction Jy, as defined in Equation 5.1. The necessity of the direction reconstruction,
using the position reconstruction, introduces the most relevant systematic uncertainty of this
Cherenkov calibration, which is discussed in Section 5.4.

The G4Bx2 MC model is produced with a statistic of 20 x data, with the same energy and
radial event selection as for the data. The Nth-Hit cos § histograms are produced according
to Equation 5.1, using the measured effective refractive index from Chapter 4 for the ToF
correction. Figure 5.3(a) shows the cos § distribution of the 40K MG, for the first hits of the
events, Nth-Hit = 1. The black histogram shows all first hits on the PMTs, while the blue and
red histograms show only the scintillation or Cherenkov hits, respectively. The contribution of
Cherenkov hits follows the qualitative expectations, where the hits are concentrated in forward
direction cos & > 0, with a broad peak around cosd = 0.8. The scintillation hits dominate
over the Cherenkov hits and they do not have a flat cos § distribution. Instead, their cos &
distribution follows a negative slope, with a decreasing contribution for larger cos §.

This effect stems from a selection bias of the earliest detected hits, introduced by the
ToF correction. First, the position reconstruction has a fit uncertainty for the barycentre of
the y event deposit cloud. Those PMTs, which are closest to the reconstructed position also
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FIGURE 5.3: (a) The cos§ distribution of the “°K MC for the first hits of the events (black), with

the contribution of Cherenkov hits (red) and scintillation hits (blue). (b) The Nth-Hit dependence of

the Cherenkov to total hit ratio. The >*Mn MC (0.835MeV) (blue) has a maximum at the first hits

of the events of 3.8% and the “°K MC (1.461 MeV) (red) has a maximum of 8.7%. The overall MC
Cherenkov to total hit ratio is 0.2% and 0.5% for ¥*Mn and *°K, respectively.

correspond to the positive cos§ > 0 values, as the reconstructed direction is given simply
by the normalised reconstructed position. Likewise, this means that the PMTs which are
furthest away from the reconstructed position can only contribute to negative cos 0 < 0 values.
Should the reconstructed position now be closer to some PMT, along the reconstructed event
direction, compared to the true barycentre of the event, then the hits on those PMTs, which
are furthest away (cos 8 < 0) are over-corrected for their ToF. The close by PMTs (cos 8 > 0)
are under-corrected for the same reason. The consequence is then that the corresponding,
reconstructed emission time of those PMT hits with cos § < 0 is estimated at too early times.
These hits are then over-selected as the first hit of the events, resulting in a higher probability
for the selection of cos & < 0 hits, i.e a negative slope in cos §. This effect is amplified by the
cloud like distribution of energy deposits for the single y events. Later Nth-Hits > 10 show a
flat cos § distribution of the scintillation hits.

Figure 5.3(b) shows the fraction of MC Cherenkov hits as a function of the Nth-Hits.
The >*Mn MC (0.835MeV) is shown in blue, with a maximum of 3.8% and the “°K MC
(1.461 MeV) is shown in red, with a maximum of 8.7%. As expected, the earliest hits have
the highest Cherenkov hit fraction, much higher than the overall MC Cherenkov to total hit
ratio of 0.2% and 0.5% for ¥*Mn and “°K, respectively. From this it follows that the Nth-Hit
dependent cos § distribution can in principle be used for the calibration of the Cherenkov hit
time behaviour of the MC, as there is a sufficient Cherenkov hit statistic, as well as a clear
difference in the cos & shape of the Cherenkov and scintillation hits.

5.3 Choice of the effective Cherenkov calibration model

The goal of this section is to define a reasonable model for the calibration of the MC Cherenkov
hit behaviour. In the last Chapter 4 the effective group velocity of scintillation hits is measured
to be faster in the data compared to the MC. It is now reasonable to assume that the same is
true for the effective group velocity of the detectable Cherenkov hits, as the underlying reason
for this data—MC difference likely comes from a difference in their respective refractive index
functions. Therefore, the Cherenkov calibration here consist of an effective change in the
group velocity of the Cherenkov hits. This change is performed on the lowest level of the
G4Bx2 MC: The MC true hit time "™ of the Cherenkov photon hit on the PMT cathode,
before any electronics simulation or event reconstruction. The so called "effective Cherenkov
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group velocity correction” gv, is defined as:

tcorr — ttrue — gV Ltrue
2
— ttrue o AnCh . Ltrue (5 )
c

This gv,, has the units of [nsm~!] and corresponds to the difference in the effective
refractive index Angy, of Cherenkov photons between data and MC, which results in a difference
of the ToF, given the MC true photon path length L"™¢. The true MC hit time of Cherenkov
photons "™ is changed to a corrected value t°°" trough gv,;,, such that the Nth-Hit cos §
distributions are in agreement between the data and the MC. This means that the number
of Cherenkov hits is effectively increased for the early Nth-Hits in the MC, such that it
corresponds to the Nth-Hit dependent number of Cherenkov hits in the data cos § distributions.
It is expected here that gv, is positive, because the effective group velocity of the scintillation
is faster in the data than in the MC and this should also be true for the Cherenkov hits, i.e. a
decrease of 1 relative to ™.

While the effective refractive index of scintillation is well described by a linear func-
tion, the Cherenkov calibration parameter gv, is modeled here as a constant. This does
not necessarily mean that the true, underlying difference between the data and the MC is
correctly modeled through this single parameter. It is rather expected that a higher order
approximation is not sensitive, given the statistical and systematic uncertainties of this y
calibration. Ultimately, the gv,;, is an effective parameter, that just needs to be good enough to
explain the difference between the data and the MC cos § histograms.

The calibration is performed on 7y events, while the neutrinos are detected through electron
events. This makes it necessary to introduce the effective Cherenkov group velocity correction
gv, at the lowest level of the MC, such that the hit time differences of the Cherenkov and the
scintillation hits can take into account the photon path lengths L™, given the true position of
the y event energy depositions. At the same time this correction is minimally invasive, as it
only changes the time behaviour of the sub-dominant Cherenkov hits, instead of, for example,
the shape of the refractive index function. The consequence of this is that no re-calibration
of other MC parameters is necessary. The gv, corresponds to an effective calibration of
the Cherenkov time behaviour given the full detector response, including the ToF correction
using the measured refractive index from the previous chapter. Any systematic differences in
the Cherenkov time behaviour, which are introduced by the constant model of gv,, will be
investigated in the respective CID measurement of the solar neutrinos. Ultimately, it has turned
out that this model is sufficient for the measurement of both the "Be- and CNO-neutrinos, as
explained in the respective Chapters 6, 7.

Both the **Mn and “°K MC is simulated with four different gv,, values: (0.08nsm™!,
0.10nsm™', 0.16nsm~!, 0.22nsm™"). These full G4Bx2 Y simulations are then used to
produce the cos § histograms for all values with 0.08nsm™! < gv, < 0.22nsm~! through
the linear interpolation of the nearest neighbours.

5.3.1 Nth-Hit(max) selection

To maximise the sensitivity of the gv , measurement it is necessary to select a number of early
PMT hits, to get an increased Cherenkov to total hit ratio. From Figure 5.3(b) one could select
the very first hit of each event, as it has the highest Cherenkov to total hit ratio. This is not
necessarily the best choice, as later hits, with a lower Cherenkov ratio, can still have enough
Cherenkov hits to provide useful information for the measurement, through their respective
cos d histograms.
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Thus, the number of early hits to consider in the analysis, Nth-Hit(max), is estimated
through Figure 5.4. Here, the absolute y? value of the individual Nth-Hit cos § histograms
is calculated between the parameter values of gv., = 0.08nsm~! and gv,, = 0.22nsm™!
for the *°K MC. A large x? value means, that this Nth-Hit cos§ histograms have large
differences for the two gv, values, which corresponds to a large expected sensitivity for the
gv,, measurement. These y? value are calculated using the statistics of the MC and a binning
of 50. It can be seen that Nth-Hit = 1,2,3,4 provide the largest expected sensitivity, while
later Nth-Hits are approximately flat in 2. The number of early hits, until which the analysis
is then performed is selected as Nth-Hit(max) = 3. The values of Nth-Hit(max) = 2 and
Nth-Hit(max) = 4 are used to estimate the systematic uncertainty coming from this particular
Nth-Hit(max) = 3 choice.

5.4 Systematic direction mis-reconstruction

In the course of this analysis it has been found out that the biggest systematic uncertainty of
the gv, is given by the direction reconstruction. This section describes the origin, impact and
solution to the systematic direction mis-reconstruction between the data and the MC 7y events.
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FIGURE 5.5: Comparison of the data and the MC cos é for the sum of the three hits of the events
(Nth-Hit =1, 2, 3). The data (black) shows a negative slope, but no pronounced Cherenkov peak. The
MC with gv,,, = 0.08nsm ™" (red) and gv,;, = 0.16nsm~" (blue). Both also have a negative slope for
cos 0 < 0, but here a Cherenkov peak is clearly visible. This peak is larger for gv,, = 0.16ns m~!, as
is expected, due to the larger contribution to early hits from the faster Cherenkov photons. No value of
gv,, is able to describe the cos 0 histogram of the data well, while the pure scintillation hits (yellow)

show a much better agreement between the data and the MC. (a) For **Mn. (b) For K.

Figure 5.5 shows the summed first, second and third hits of the events (Nth-Hit = 1, 2, 3)
cos & distributions of the data in black in comparison to the gv,, corrected MC. The >*Mn
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events are shown on the left and the “°K events on the right. Exemplary MC distributions with
the values of gv, = 0.08ns and gv, = 0.16ns are shown in red and blue, respectively. The
pure MC scintillation hits are shown in yellow and all MC distributions are normalised to
the statistics of the data. It can be seen for both 3*Mn and 4°K events, that no gv,, value is
able to describe the cos é distribution of the data. In fact, the cos § distribution of pure MC
scintillation hits gives the best agreement with the data. For the >*Mn it would even require a
non-physical, negative number of Cherenkov hits to provide a good agreement between the
data and the MC. This means not only that the selected model of the Cherenkov hit time gv,
is unable to explain the data, but rather that no Cherenkov hit time model of any sort is able to
bring the MC and the data cos § distributions in agreement with each other.

Thus, the underlying difference between the data and the MC cos & distributions must have
a systematic uncertainty contribution from some source. This source has been identified as
the difference of the direction reconstruction, which provides systematically different results
between the data and the MC, for the cos 0 value of the earliest Nth-Hits.
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FIGURE 5.6: (a) The cosd distribution of >'*Po events for a source position in the centre of the
detector. The 2'*Po «a events have no directionality, as the energy deposition is point-like and no
Cherenkov photons can be produced from o particles at these energies (7.4 MeV). Nonetheless, the
cos & distributions of the first hits of the events look different for the data (red) and the >'“Po MC
(blue). Consequently, this cos d difference must come from a systematical difference of the direction
(position) reconstruction. (b) The Nth-Hit dependent mean value of the cos d distributions. For early
Nth-hits the data and the MC have the largest difference, while for Nth-Hit > 12 both distributions are
in agreement.

The effect can be seen in Figure 5.6, where the Nth-Hit dependent cos § distributions
are produced for the 214pg source, for the source position in the centre of the detector, and
with the event selection from Chapter 4. The source provides only o-particle events, it has
no Cherenkov photons at all, and it has a point-like energy deposition. The 2!4Po source has
no event direction, but the definition of Equation 5.1 can still be applied to investigate the
performance of the direction reconstruction, based on the position reconstruction. The left
side shows the cos & distribution of the first hits of the >!*Po events for the data in red and
for the MC in blue. These are purely scintillation hits, that show some structure for the data
and a relative flat behaviour for the MC. Unexpectedly, the data and the MC are significantly
different from each other. This can also be seen on the right side of Figure 5.6, where the
average cos 0 value is plotted vs. the Nth-Hit. The first Nth-Hit has the biggest difference,
while the cos d distributions are in agreement between the data and the MC for Nth-Hit > 12.

Since the 214Po—a events neither produce Cherenkov photons nor have an event direction,
the only explanation is a difference in the direction reconstruction between the data and
the MC. There exists some form of correlation between the early hits of an event and its
reconstructed event direction, which is different between the data and the MC. The origin of
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this behaviour is shown in Figure 5.7, where the ToF corrected PMT hit time of the 2!*Po data
is shown in red and the MC is shown in blue. The probability density function (PDF) for the
single photo-electron, used in the position reconstruction algorithm, is shown for comparison
in black. It can be seen that the 2!4Po distributions are different from the PDF, as it has been
produced from electron events and has therefore a faster decay-time.

What is important here, is that the >!4Po event hit time distributions are different for the
data and the MC, which must result in some difference in the position (direction) reconstruction
of the individual events. Even at early times, in the rising hit time slope, the data and the MC
hit time distributions are significantly different from each other. These early hit times have a
different impact on the position (direction) reconstruction, which then causes the difference of
the direction reconstruction, resulting in the cos d distributions from Figure 5.6.
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FIGURE 5.8: (a) The ToF corrected PMT hit time distribution of the >*Mn events for the data (red) and

the MC (blue), normalised to the statistics of the data. While both distributions look similar, they are in

fact significantly different, given the statistics. This can be seen in (b), where the absolute difference
between the two histograms is shown with the corresponding uncertainty.

The conclusion is then that this difference in the direction reconstruction also exists for the
¥ events and must be corrected first, before a calibration of the Cherenkov hit time behaviour
is possible. This can be seen in Figure 5.8, where the right side shows the ToF corrected
hit time distributions of the **Mn data in red and the MC in blue. The left side shows the
absolute difference between these histograms, which are significantly different from each
other. Different values of gv, result in slightly different MC hit time distributions.

How then is the direction reconstruction equalised between the data and the MC? As
the MC hit time distribution cannot easily be changed, here instead the position (direction)
reconstruction is modified. The gv, calibration is then performed in a two step approach.
First, the idea is to use different, separate position (direction) reconstruction PDFs for the data
and the MC, such that the cos § distributions are in agreement between the data and the MC.
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This is done independently for every value of gv,, on the >*Mn source, as the information
on gv,y, is lost due to the modification of the direction reconstruction. It is a-priori not clear
which gv,, value is correct and as such all gv,,, values must be treated equally. Correcting
the direction reconstruction systematic should then result in a good agreement between the
>*Mn cos § distributions of the data and the MC, independently of the gv,;, value. After such
a good modification of the position (direction) reconstruction is found, the second step is then
to use the same PDF for the direction reconstruction of the “°K events. it follows then that
there should be a sensitivity for the measurement of the effective Cherenkov group velocity
correction, as the higher energy “°K events provide more Cherenkov hits than the >*Mn events.

The position (direction) reconstruction PDF could be modified with any arbitrary function
and number of parameters; the parameter space is in principle infinite, as it is an effective
correction. Here, the choice of the PDF modification is informed by the shape of the hit time
difference in Figure 5.8. The PDF is modified through the addition of this function f(¢), a
Gaussian derivative described by the amplitude A, the mean value y and the standard deviation
O: | 5

F(6)=A- (1 —1)-exp (—2(’5)) (53)
o]

These parameters (A, 1, 0) are effectively treated similar to nuisance parameters for the
measurement of gv,. Therefore, for each value of the gv., parameter the position of all
events must be reconstructed again, which makes this calibration tedious. The selection of
the parameters is not based on a minimisation algorithm, but rather on a number of position
re-reconstructions for all events, for different sets of parameters (A, 1, o), which are selected
by hand. Then, the best performing sets of parameters are used for the position (direction)
reconstruction of the *°K events. The different (A, i, 5’) parameter values used for the position
re-reconstruction are given in Appendix B. The data and each gv, MC has six sets of
parameters.

To summarise: First the (A, u,0) parameters are used to calibrate the direction mis-
reconstruction between data and MC on and then the corrected “°K events are used to measure
the effective Cherenkov group velocity correction gv,,.

Modified MC performance on position reconstruction

FIGURE 5.9: Exemplary performance of the po- ook “KMC, gv =0.08nsm’
sition reconstruction on the z-position with Az = r — “KMC gv =0.16nsm’
Zsource — Zree. The *OK data (black), MC with goool- —+ K Data
gV, = 0.08nsm™! (red) and gvy, = 0.16nsm ™! :
(blue) all show the same general performance of
the position reconstruction. Additionally, these
distributions are produced with different values
of (A, i, o) resulting in slightly different position 2000
reconstruction PDFs.
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Figure 5.9 shows an example of the impact on the position reconstruction, given the 4°K
data in black and the MC in red, blue for different values of gv,, which also have different
(A, u, o) values for the modified position reconstruction PDF. It can be seen that the general
performance of the position reconstruction is not impacted by either the gv,, parameter or the
small change in the PDF. This means that the general idea of a minimally invasive Cherenkov
calibration is satisfied.
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5.5 Fit definition and result

In this section the result of the effective Cherenkov group velocity correction gv,,, measurement
is presented. As described above this is done through a two step approach. The systematic
direction mis-reconstruction between the data and the MC is corrected through the modification
of the position reconstruction PDF using the parameters (A, i, o) for both the data and the
MC, dependent on gv,,. Then a x? scan of the gv,, parameter is performed on the cos &
histograms of both y-sources, as defined in Equation 5.4:

Nth-Hit(max) [ ( (norm - M — D’.l)z )
Z L : 54

X2 (8Ven, (A, 1, 0)data; (A, 1, 0)mc) = = o norm-Mf—I—normz-Mf
The number of histogram entries at the cos  bin number i, of the Nth-Hit = n is given by D
and M} for the data and the MC, respectively. Here, "norm" is the scaling factor between the
MC and the data event statistics. The term "norm? - M*" in the denominator takes into account
the finite statistics of the MC. The selected binning for the cos d histograms is / = 50 and
the selected number of Nth-Hits until the analysis is performed is Nth-Hit(max) = 3, given
the estimation from Figure 5.4. The cosd distribution of the data depends on the position
reconstruction PDF (A, it, G)gata, While the MC depends on (A, i, 0)mc as well as on the
gv,, parameter of interest. The x2(gv,;,) values are calculated for both the >*Mn and the 4°K
events, using the same values of A, L, 0 )gata> (A, L, O)McC-

It is time prohibitive to let a minimisation algorithm run for the selection of (A, i1, 0 )data
and (A, L, 0)mc, as the position reconstruction must be re-performed for every change in
(A,u,0) and for all the data and the MC events. For this reason a number of six sets of
parameters (A, i, ) have been produced for the data and each fully simulated MC value of
gv,, (see Appendix B). The analysis is then considered valid only under the condition that
both ¥2(°**Mn) /ndf and x*(*°K)/ndf are smaller than 1.5:

Xz (gvch7 (A,‘U,, G)dataa (Aay'v c;)1\/IC ’ 54Mn) /ndf< 1.5

(5.5)
%2 (chhv (Aa.li)a)datav (A,,LL, G)MC | 40K) /ndf< 1.5

This somewhat arbitrary choice of the %2 /ndf value introduces a systematic uncertainty, which
needs to be evaluated. This is done using a toy-MC analysis described later.

First, Figure 5.10 illustrates the general improvement of the analysis after the application
of the direction (position) reconstruction modification through (A, i, ), in comparison to
the nominal position reconstruction PDF used in Figure 5.5. The cos § histograms of the
first three hits of the events (Nth-Hit = 1, 2, 3) are summed up for illustration purposes. The
black crosses are the ¥ data for the >*Mn source on the left and the “°K source on the right.
Both y-sources use the same (A, [, 0)daa Values for the direction reconstruction. It can be
seen that both y-sources have a negative slope imposed on the cos § distribution, as described
before. The “°K events provide a visible Cherenkov peak, while this is not visible for the
lower energy *Mn events. The impact of the modified direction reconstruction is visible for
the 3*Mn source on the left, where the corresponding MC cos § histograms are shown for a
value of gv,, =0.08nsm~! in red and gv,, = 0.16nsm™! in blue. Both gv,, values show a
good agreement with the data. The 3*Mn source has no sensitivity for the gv,,, measurement,
but it can clearly be used to constrain the (A, 1, )gaa, (A, 1,0 )Mc parameters. The 4°K
source on the other hand does have a sensitivity for the measurement of gv,, as shown on
the right side of Figure 5.10. Using the same values (A, i, &)mc to reconstruct the direction
of the “°K events results in a clear difference for the different values of gv,, = 0.08nsm™!
and gv, = 0.16nsm~!. This is in contrast to the previous Figure 5.5 without the direction
reconstruction correction. From this plot it is possible the roughly estimate the best fit value
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FIGURE 5.10: Comparison of the data and the MC cos 6 for the sum of the three hits of the events

(Nth-Hit =1, 2, 3), after correcting the direction mis-reconstruction between the data and the MC. (a)

For >*Mn. (b) For *°K. The data (black) shows a negative slope, and a Cherenkov peak for the 40K

source. The MC with gv, = 0.08ns m~! (red) and gve, = 0.16ns m~! (blue) both also have a negative

cos & slope, while now only the °K MC has a visible Cherenkov peak. For >*Mn all values of gv,,, are

able to describe the cos 8 histogram of the data reasonably well, while the “°K cos § distribution has a
clear sensitivity for the gv, measurement.

of gv, to be between 0.08 nsm™! and 0.16 nsm™".
From the 144 produced combinations between (A, [, 0 )daa and (A, i, 0 )mc only four
best fit gv,;, results pass the condition of Equation 5.5:

¢ gv% = (0.109£0.006)nsm™ ', x*/ndf = 1.32

( )
 gvb =(0.102+£0.006)nsm™", x*/ndf = 1.43
* gVl = (0.11040.007)nsm~!, % /ndf = 1.47
( )

 gv¥ =(0.112+0.007)nsm™~ !, ¥>/ndf = 1.48

The statistical uncertainty is estimated trough Ay? = +1. The weighted average gives a value
of gv., = (0.108 £0.006) nsm ™! and these results are illustrated in Figure 5.11 in red.

5.5.1 Systematic uncertainties

The biggest systematic uncertainty of this analysis is given by the need for the direction
reconstruction modification through (A, i, o). This systematic is estimated with a toy-MC
study, as follows:

1. The MC is used to sample pseudo-data, using a true, injected value of gv, =0.1nsm™!,

for both >*Mn and “°K.
2. The pseudo-data is produced for all different values of (A, 1, 0)mc

3. Every (A, 1, 0)mc set of pseudo-data cos § histograms is analysed according to Equa-
tion 5.4, again for every set of (A, i, o )mc for the MC cos & histograms. This gives six
best fit results for every pseudo-data set.

4. The analysis is performed 10k times for every pseudo-data (A, i, 0)mc set. In total

there are then 36 best fit gv;, distributions, given the injected value of 0.1 nsm~"'.

5. The average value of these best fit gv,, distributions then gives the systematic offset of
interest, introduced by performing the analysis with an incorrect set of (A, i, G)mc.
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[ Fit on Data; best estimate gv_ =0.108 ns m™" FIGURE 5.11: The results of gVch Measurement,
0161 e . after correction of the direction mis-reconstruction

[ MC study results; injected gv = 0.100 ns m
~ ok o . between the data and the MC. The best fit gv,
e T . . values are plotted vs. their y?(*°K)/ndf. The data
=3 0.2 . . +.L results (red) passing the selection of y?/ndf < 1.5
A e fooorr {--++  are shown with their statistical uncertainty. The
0 1*"'" """"""""""""""""" e MC values (blue) show the average expected best
0.08]- . . . fit gv,,, for a number of 10k toy-analyses, for an
5557, injected value of gv , = 0.Insm~'. Used in [135].
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The result of these toy-MC analyses can be seen in Figure 5.11 in blue. Here, the best
fit gv,, values are plotted vs. the y>(*°K)/ndf value, selected according Equation 5.5. If the
pseudo-data and the analysis MC use the same values of (A, i, & )pc then the corresponding
2%(*°K) /ndf is relatively small and the systematic offset between the injected gv,,, value and
the average best fit gv,, value is zero, as is expected.

For large x2(*°K)/ndf values this systematic offset increases. The systematic uncertainty,
associated to the direction mis-reconstruction, is then estimated from the largest observed
difference between the injected and extracted value, with Agv,, = £0.038nsm~!. This
value is situated at y*(*°K) /ndf = 1.34, which is within the region of the data results. This
toy-analysis is also performed for an injected value of gv,, = 0.16nsm~!, which gives a
similar but smaller value of +0.035nsm™'. The larger uncertainty is used for the systematics
estimation. The other systematic uncertainties are sub-dominant and are estimated as follows:

* Nth-Hit(max) selection: There could be a Nth-Hit dependence on the best fit result,
which is estimated by performing the full analysis again, but with a different choice
of Nth-Hit(max) = 2 and Nth-Hit(max) = 4. The biggest difference between the best
Nth-Hit(max) dependent gv,, result and the nominal result is used as the systematic
uncertainty: Agv,, = +0.006nsm~!.

* Nj, energy cut: The energy cut is applied to select the data >*Mn, *°K events in such
a way that the contribution of non-7y events is negligible. This is estimated now by
varying the energy cut by ANy = £10 around the nominal low and high Ny, cut values.
The full analysis is then performed again and the biggest difference of the gv,, results
compared to the nominal Ny, selection is used as the systematic uncertainty. The value
is Agv,, = £0.004nsm™!,

Thus, the final result on the calibration of the effective Cherenkov group velocity correction
is gv, = (0.108 +0.006(stat.) £+ 0.038(syst.)) nsm~!, where the systematic uncertainty is
dominated by the direction mis-reconstruction between the data and MC.

5.6 Conclusion and outlook

In this Chapter the group velocity of Cherenkov photons has been calibrated using the param-
eter gv,. This effective Cherenkov group velocity correction is applied on the lowest level
of the G4BX2 simulation, changing the Cherenkov hit time on the PMTs before performing
the electronics simulation and before the event reconstruction. The value of this parameter
is calibrated trough the use of the ¥*Mn, “°K y calibration sources, with a best fit result of
gv., = (0.108 +-0.039(stat. + syst.)) nsm~!. This number can be expressed as an effective
change of the refractive index. Assuming an effective refractive index value of n = 1.6 for
the Cherenkov photons results in a change of An.y, = 0.032 £0.012. This corresponds to a
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relative correction of about (2.0 +0.8)% for the effective refractive index of the Cherenkov
hits. This seems reasonable, considering that the differences between the data and the MC are
measured at about 1% for the effective refractive index of scintillation.

The uncertainty is dominated by the systematic mis-reconstruction of the y event direction,
which results in a relatively high uncertainty of 37%. As expected, the use of y-sources and
their Compton scattered electrons is not optimal for the calibration of the Cherenkov PMT
hit time behaviour. Future hybrid detectors, using both scintillation and Cherenkov hits will
benefit from using a dedicated electron Cherenkov calibration source also at low energies
~ 1MeV. An idea for such a source could be the use of **Ce-'**Pr, as illustrated in the
internal document [146]. Preliminary toy-MC studies show, that the knowledge of the initial
electron direction could provide a relative uncertainty as low as 1% on the gv,;, measurement,
but this will not be discussed any further here.

One important consideration of this calibration has been its dependence on the full detector
response. The ¥ calibration sources have only been deployed in 2009. This means that the
events of Phase 2 and Phase 3 are further removed in time from this calibration than Phase
1. At the time of the publication of [134, 135] it has been not clear if the results of this
gv, calibration are also applicable to Phase 2 and Phase 3, because there could exists some
unknown change in the detector response over time, which would result in a different gv,
value. If this ¥ calibration would have been performed in 2021, would the best fit gv, result
be compatible with the result of 2009? As this question could not be answered at the time
of the CID measurement of the "Be-V events, it has been decided that this following CID
measurement is only performed for Phase 1.

Following the publication of [134, 135] the gv, value for Phase 1 and Phase 2+3 is also
measured using the "Be-v edge region neutrino events. This is done in the context of the CID
measurement of CNO neutrinos. In the last Chapter 7 of this thesis it is found that the gv,
value measured with the y-sources is well in agreement with the gv, calibration using the
neutrino events at the "Be-v edge region. This means that the initial decision of only using
Phase 1 for the CID "Be-v measurement has been overly conservative.
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Chapter 6

Proof of Principle for the Correlated
and Integrated Directionality

Abstract

Currently, the most precise measurements of sub-MeV solar neutrinos are only performed with
liquid scintillator (LS) detectors, such as Borexino. Water Cherenkov detectors have a relative
high energy threshold and are only able to measure neutrinos above ~3.5 MeV, due to the
low light yield of the Cherenkov process in the presence of background. The high light-yield
of Borexino makes it possible to perform a precise spectroscopic neutrino measurement due
to the correspondingly good energy resolution and a sufficiently low background level. Until
now the directional Cherenkov information has been inaccessible at the sub-MeV neutrino
energy range. In this chapter the so called Correlated and Integrated Directionality (CID)
is used to provide a proof-of-principle for the possible use the directional Cherenkov hits
even for sub-MeV neutrino events, using the Borexino detector. The CID method exploits
the correlation between the early detected Cherenkov PMT hits and the known position of
the Sun. Integrating a large number of events makes it possible the infer the number of
contributing neutrino events, through the statistical inference on the angular hit distribution.
As the Cherenkov hits make up only < 0.4% of all hits it is necessary to increase the sen-
sitivity by selecting only the early PMT hits of the events. The CID analysis is performed
in an energy region from 0.56MeV to 0.76 MeV around the Compton-like edge of the "Be
neutrinos, for Phase 1 of the Borexino detector. This results in a measurement of the 'Be-v
rate with R("Be)cp = 51 .6fg:g (stat. + syst.)cpd/100t. The zero-neutrino hypothesis can be
excluded with a sz(Nsolar_v =0) = 38.7, corresponding to a > 60 exclusion. These results
are the first directional detection of sub-MeV neutrino events, as well as the first experimental
evidence that the sub-dominant Cherenkov information is accessible, even in a monolithic
liquid scintillator detector. This provides the experimental proof-of-principle for the potential
use of hybrid event detection at low neutrino energies.

As described in Chapter 3, the hybrid event detection, i.e. combining the directional Cherenkov
information with the low energy threshold of scintillation, is of interest for a diverse number
of neutrino related physics goals. The present chapter provides the experimental proof for
the feasibility of the hybrid event detection at sub-MeV neutrino energies, using the high
light-yield Borexino detector. This is done with the so called Correlated and Integrated
Directionality (CID), which makes it possible to access the Cherenkov information even for
neutrino events with a very low expected number of Cherenkov hits per individual event.
The basic idea behind CID is to correlate the photon hit direction with the know direction of
the solar neutrinos. The photon direction can be estimated through the reconstructed event
position and the hit PMT position. Thus, each hit is assigned an angular correlation angle
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cos @, relative to the Sun. For a large number of events it is then possible to make a statistical
inference on the total number of neutrino events in the event integrated cos & distribution. This
is in contrast to the typical use of the Cherenkov hits, where the event direction is reconstructed
on an event-by-event basis and then afterwards compared to the position of the Sun. See
Chapter 3 for more details.

In Borexino it is possible to trigger sub-MeV neutrino events and to reconstruct the event
vertex using the scintillation hits and their hit time distribution. Thus, the events can be
selected according to their reconstructed position and energy.. The first Section 6.1 explains
this event selection for an advantageous energy region of interest and a fiducial volume,
providing a large expected ratio of neutrino signal over background events. This region
corresponds to the Compton-like edge of the "Be-v events. Next, Section 6.2 explains the MC
model used in the measurement of the number of solar neutrino events. While the parameter
of interest is the number of solar neutrino events, here it is also important to identify and
understand the nuisance parameters that govern the possible shape of the cos o distribution of
the neutrino signal and the background. To maximise the sensitivity of the CID measurement it
is necessary to select early hits of the events. This is effectively a time sorting of the event hits,
where early hits have a higher probability of coming from the Cherenkov process compared to
later hits. This selection is performed in Section 6.3.

In the previous Chapter 4 it has been found out that the data PMT's can show a misbehaviour
in their hit time distribution between each other and in comparison to the MC PMT hit time
behaviour. For this reason it is necessary to make a selection of PMTs that are in agreement
between the data and the MC. This PMT selection is explained in Section 6.4. Then Section 6.5
defines the y? test statistic and provides the measurement on the number of solar neutrino
events, based solely on the Cherenkov information from the cos ¢ histograms. Additionally,
supplementary analyses are performed to produce a picture of the Sun as seen with the CID.
Section 6.6 investigates the possible sources of systematic uncertainty between the data and
the MC model, and gives a conservative estimation on the value of the relevant systematic
uncertainties. Following that, Section 6.7 gives the final results of the CID measurement,
for the number of solar neutrinos at the Be-v edge, as well as the rate of "Be neutrinos in
Borexino. The last Section 6.8 concludes this chapter with a summary and an outlook.

The results of this analysis and the method of the PMT selection have been cross-checked
and reproduced by NI - part of her dissertation [145]. Furthermore, the
toy-MC studies that are investigating the potential systematic uncertainty of the CID back-
ground [147] have been conducted by | I -5 part of her dissertation, as well
as the selection of the number of cos & histogram bins [148]. The fiducial volume (FV) and
energy region of interest (Rol) have been optimised by | N lllMlE 25 part of her master
thesis [149], including the calculation of the corresponding event selection efficiency. Her
work was based on a previous study performed by | . This CID measurement
of the solar neutrinos at the "Be-v edge is published in the associated papers [134, 135].

6.1 Selection of the data events

The principal goal of this analysis is to provide the proof-of-principle for the hybrid detection
of low energy neutrinos. For this purpose the data is selected in an energy Rol, for which
the expected ratio of neutrino signal to background events is large. The energy region with
the largest expected ratio of neutrino events is around ~ 0.66 MeV. This corresponds to the
Compton-like edge of the recoil electrons from the 0.862MeV line of the "Be-v. The FV and
Rol are selected according to the figure of merit (FoM), defined as follows:

Nsolar—v
No—back. + \/Nsolar—v + Nﬁfback.

FoM(R, N;**(min), N{*°(max)) = (6.1)
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Here, Nsolar—v 18 the expected number of solar neutrino events, while Ng_pack.» No—back.
are the expected number of o- and f-like background events. These numbers depend on the
selected energy Rol Nﬁeo(min, max) and the spherical FV with a radius of R. The idea behind
the FoM is to maximise the signal over the expected statistical event uncertainty. The o events
are treated separately, to incur a stronger penalty than the 3-like background. The reason
for this is that & events in the Rol come from the decay of 2!°Po, which is distributed highly
non-uniformly inside the inner vessel [83, 89, 150]. This non-uniformity could introduce a
systematic difference in the cos ¢ distribution of the 2!°Po background, compared to other
background species with a uniform position distribution. The main de-selection of >'°Po
is performed through the application of the MLP parameter > 0.7, with a large o rejection
efficiency [107]. The exposure of non-o events is estimated as 99.5% + 1.0%, measured
through the 2'4Bi-214Po event coincidence, during the LS purification campaign in 2010-
2011 [145].

The number of expected events Nyolar, Ng_pack.» Na—back. is calculated according to the
spectroscopic Borexino results of the event rates [83, 86, 68]. To calculate the number of
events from the event rate it is necessary to know the event trigger efficiency and the fraction
of events that fall within the selected energy region Nﬁeo(min, max). These value is called &g
here and it is estimated using the full G4BX2 simulation of the different event species.

Phase | Livetime R [m] Fiducial mass [t] Nﬁeo(min, max) | Niotal
1 740.7 days 3.3 132.2 (225, 305) 19904
1291.5 days 3.3 132.2 (210, 310) 29686

3 1596.5 days 3.0 99.3 (200, 320) 29042

TABLE 6.1: Selected Rol for the CID analysis at the "Be-v edge and the number of data events Nty -

Table 6.1 shows the selected Rol and FV for Phase 1, 2, and 3 separately. The FV radius
R decreases for later phases, as the loss of live PMTs over time results in a decrease of the
position resolution. This means that for later phases more external y events are reconstructed
inside the FV, which makes it necessary to decrease the value of R. In contrast to this,
the energy Rol N£“°(min, max) increases for later phases, as the internal 2!°Bi background
decreases over time. Please note, that 2!°Bi has a half life of five days but it is a daughter of,
and supplied by >'°Pb with a half life of 22.3 years. The fiducial mass is calculated from the
spherical FV, using a LS density of (0.878 £0.004) gcm™3 [90].

The next Table 6.2 shows the combined trigger and energy efficiency &g for the neutrino
signal events of "Be, pep, and CNO neutrinos. The expected number of neutrino events is
given by the product of the neutrino rate, the live time, the fiducial mass, and &g. The neutrino
rates are calculated with the neutrino fluxes from the low (LZ) and high-metallicity (HZ)
B16 standard solar models (SSM) [35, 99]. These values are later used to compare the CID
measurement with the independent model predictions. Additionally, N§eh +NSAG account for
~ 12% of the total neutrino signal events, and these values are used to constrain the calculation
of the neutrino rate R("Be-v) [cpd/ 100t].

The selection of the Rol for Phase 1 is shown in Figure 6.1(a) as a yellow band, in the
context of the spectroscopic fit of Phase 1 [83]. The "Be-Vv events comprise the main signal
component and the corresponding MC spectrum is shown as a red line. The main background
is given by 2!9Bi, while ?'Po is safely excluded. On the right side, Figure 6.1(b) shows
the Nﬁeo spectrum for Phase 1 in black, Phase 2 in red and Phase 3 in blue. The distinct
Compton-like shoulder can be seen in all phases.
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"Be pep CNO "Be pep CNO
Phase | &g g € Nssu Nssm Nssm

HZ 9059 +530 42316 705+112
Lz  8264+473 429+6 505+75

HZ 20001+£1178 929414 1588 £251
Lz 18256+1073 943+14 1136168
HZ 21145+£1178 1028+£15 1754£278
LZ 192994+1135 1043+15 12554185

1 0.193 0.158 0.147

2 0.245 0.198 0.189

3 0.278 0.237 0.225

TABLE 6.2: Energy efficiency &g and SSM expected number of solar-neutrino events in the Rol. The
SSM rates are R("Be) = {47.90+2.82 (HZ), 43.72+2.57 (LZ)} cpd/ 100 t, R(CNO) = {4.92+0.78
(HZ),3.52+£0.52 (LZ)} cpd/100t, R(pep) = { 2.74£0.04 (HZ), 2.78 £0.04 (LZ)} cpd/ 100 t.

10°E —— Fit: 2/NDF = 141/138 500 —_ Phase 1: 19904 events
F —— "Be:455+1.5 450 .
= [ S Ke 348 + 17 F — Phase 2: 29686 events
3 1ok —— MBi:41.5£ 1.5 4001~ — Phase 3: 29042 events
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FIGURE 6.1: (a) The spectral fit of Phase 1, taken from [83]. The data is shown in black, while the

best fit solar-neutrino and background contributions are shown as coloured lines. The Rol selected for

the CID analysis is shown as a yellow band around the "Be-v shoulder. (b) The Nﬁeo distribution for

the selected data events from Phase 1 (black), Phase 2 (red) and Phase 3 (blue), following the selection
criteria of Table 6.1. The "Be-v shoulder is visible for all phases.
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The primary CID measurement of the number of neutrino events Nyop,r is performed only
on Phase 1. The reason for this is that the CID measurement here has been intended as
proof-of-principle for the hybrid detection method, and as such a very conservative approach
has been adopted for this analysis. The important parameter of the effective Cherenkov group
velocity correction gv, is measured in the previous Chapter 5, using the y-sources from the
calibration campaign. The y-sources have been deployed in 2009, which is closest in time to
Phase 1. The measurement of gv,, suffers from a relatively large systematic uncertainty of
~ 36%. At the time of this analysis it has not been clear if the gv, value could be assumed
to be stable over the full detector live time, or what undiscovered systematic differences
between the data and the MC could contribute to its measurement. If the gv, measurement
would have been performed again in 2021, would the results be compatible with that of 2009,
or would a difference in the detector response introduce a difference in the measured gv
value? Therefore, only Phase 1 is used in the current chapter for the measurement of Nqjar
and subsequently the corresponding rate R(’Be-v) [cpd/100t]. The combined CID cos &
histograms of Phase 1+2+3 are instead used for the signal model independent rejection of the
pure background hypothesis, without performing a fit on Ngojar-

— solar-v + B-backgrounds 1" hit -+ 2" hit

— o-background I* hit - 2" hit o
£ FIGURE 6.2: The CID cos ¢ distribution of Phase

1, for the first (solid line) and second (dotted line)
hits of the events. The 19904 events selected in
the Rol (black) are made up out of neutrino signal
events and f3-background events. For comparison
1.8 million MLP tagged 2'°Po events (blue) are also

1800f~ shown, normalised to 19904 events. Used in [135].
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Figure 6.2 provides the first look at the Phase 1 CID data cos o histogram. The solid lines
show the first hits of the events (Nth-Hit=1), while the dotted lines show the second hits of
the events (Nth-Hit = 2). The black histograms show events from the selected energy region
of N£*°(min, max) = (225,305), which are composed of neutrino signal events and 2!°Bi
(electron) background. The blue histograms shows MLP selected 2!°Po-o events around the
peak at N§*° = 160 (0.4 MeV), normalised to the statistic of the nominal CID data. Starting
from cosa > 0.2 a clear peak can be seen for the neutrino rich Rol, for both early hits.
Additionally, there is a negative slope for —1.0 < cos @ < 0.0. In contrast, the almost pure
210pg event selection provides a relatively flat cos o distribution and shows no Cherenkov
peak, as expected. This a-background cos o distribution is not perfectly flat, but rather
follows a quadratic function, with a minimum around cos & /= 0.1. This first cos & plot already
shows that the neutrino events do in fact include Cherenkov information, and they are clearly

distinguishable from the background events.

6.2 Neutrino signal MC and background MC

The CID analysis is used to perform a statistical inference on the number of neutrino events
contributing to the data cos & distribution. This is done through the use of a MC model, using
the G4BX2 simulation, as explained in Chapter 3.2. It is necessary to estimate the average
number of detected Cherenkov hits per neutrino signal event, as the cos & distribution is
produced from the individual hit information, for a given Nth-Hit. This is done here through
the use of the effective Cherenkov group velocity correction gv y, in the MC, which is measured
in Chapter 5. Furthermore, the impact of the live PMT position distribution and solar direction
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needs to be taken into account to produce the correct shape of the signal and background MC
cos & distributions. This is accomplished by performing the MC simulation on an event-by-
event basis. For each individual data event 200 MC events are simulated for both the "Be-v
signal and the >'°Bi background, within a 15 cm sphere around the reconstructed data event
position. The known position of the Sun in the data is used to simulate the correct 'Be-v MC
event direction, while the recoil-electrons in the LS are scattered in an angle cos 6, according
to Equation 3.1. The 2!°Bi background MC event direction is sampled randomly, as it is
uncorrelated to the Sun.

Y
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FIGURE 6.3: (a) The angular distribution cos 8, between the solar neutrino directions and the simulated
recoil-electrons, from Equation 3.1. The "Be-v MC (red) shows that the recoil electrons are scattered
in forward direction for the selected Phase 1 Rol of 225 < Ni** < 305. The direction of the 2!Bi
background MC electrons (blue) are not correlated to the solar direction. (b) The CID cos ¢ distribution
for the first (solid line) and second (dotted line) hits of the events. The "Be-v signal MC (red) shows a
clear Cherenkov peak at cos o = 0.7, which is decreased for the second hits. The 2!°Bi background
MC (blue) has a relative flat distribution and no difference between the first and second hits of the
events can be seen. Used in [135].

Figure 6.3(a) shows the MC cos 0, angular distribution between the simulated solar
direction and recoil-electron direction in red. It can be seen that the electrons are scattered in
forward direction for the Rol, as is expected for these events around the Compton-like 'Be-v
shoulder. The background MC is shown in blue and it is uncorrelated to the solar direction.
Figure 6.3(b) on the right shows the CID cos & distribution of the "Be-v signal MC in red and
for the 21Bi background MC in blue. The first hits of the events (Nth-Hit=1) are shown as
a solid line, while the second hits of the events (Nth-Hit=2) are shown as a dotted line. The
background MC cos ¢ distribution is looking flat, and there is no difference between the first
and second hits of the events. The signal Cherenkov peak around cos & ~ 0.7 is clearly visible
and corresponds to the expectation of the Cherenkov cone opening angle for electrons with
T ~0.66 MeV. Likewise, the Nth-Hit=1 signal cos ¢ distribution also follows the expectation,
as it has a more pronounced Cherenkov peak than the Nth-Hit=2 cos & distribution. Another
notable feature is the negative slope for cos o < 0, which comes from a bias in the position
reconstruction, similar to, but less severe than the observation discussed in Chapter 5. This
biased position mis-reconstruction is explained in the following section.

6.2.1 MC model nuisance parameters

The primary value of interest is the number of solar neutrino events Nsojor—y. From Figure 6.3
it can be seen that the neutrino signal and the background cos & distributions are clearly
distinguishable. This means that the data cos  distribution can be fitted with the signal
and background MC to estimate Nyojor—y. Furthermore, it has been identified that the signal
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cos ¢ distribution are influenced by two additional parameters. The first parameter is the
effective Cherenkov group velocity correction gv,,, defined in Equation 5.2. It governs the
Cherenkov to scintillation hit ratio of the early PMT hits. This parameter is measured as
gV, = (0.108£0.039)nsm™!, using the ¥ calibration sources in Chapter 5. The second
parameter is the mis-reconstruction in the initial electron direction Argi;. The definition of
which is given by the (initial) electron direction jtrue, and the true position of the neutrino
interaction (energy deposition) 7 in respect to the reconstructed event position 7iec:

Argir = (?rec - ?true) : 6zrue (6.2)

True Position 7

true

— <Arg>=1.89cm
— <lrg>=2.35cm
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FIGURE 6.4: (a) Schematic definition of the mis-reconstruction in the initial electron direction Arg;;.

The reconstructed event position 7. has a small bias to be shifted away from the true event position

(position of energy deposit) Fyye, following the electron direction cf;rue. (b) The Aryg;, distribution for a

"Be-v MC with a simulated gv,,, = 0.108nsm ™! value results in an average offset of (Arg;;) = 1.89cm

(black). A value of gv, = 0.228ns m~! results in an average offset of (Argir) = 2.35cm (blue). A

larger Cherenkov to scintillation hit ratio at early times increases the Arg;. offset. The standard deviation
of both distributions is 11.9cm.

The definition of Arg;, is schematically illustrated in Figure 6.4(a). Figure 6.4(b) on the
right shows the distribution of Arg;; for the "Be-v MC. The average offset depends on the
implemented value of gv,;, in the MC. The MC with a nominal value of gv, = 0.108nsm ! is
shown in black and has an average offset of (Arg;;) = 1.89cm, while the "Be-v MC simulated
with a value of gv, = 0.228nsm ™! results in a (Argir) = 2.35cm, shown in blue. Likewise a
simulation with gv, = —0.012ns m~! results in (Arg;;) = 1.50cm, which is not shown.

This means that the early Cherenkov hits tend to pull the reconstructed position towards
their own direction. The greater the fraction of early Cherenkov hits, the stronger this effect is.
This means that this position reconstruction bias is consistently correlated to the initial solar
neutrino direction, because the Cherenkov direction is correlated to the initial direction of the
solar neutrinos. The Ary;; offset is small compared to the standard deviation of ~ 12cm and is
thus likely negligible for single events, but this effect becomes important after the integration
of a large number of events.

The value of (Argir) can be different between the data and the MC. First, because they
could have a different, underlying gv,, value between them. Second, the (Argi;) can be
different because the position reconstruction performs slightly different between the data and
the MC, as has been observed in Chapter 5.4. This is also conveyed in Figure 6.5, where
the PMT hit time distribution of the data events in the Phase 1 Rol is plotted in black, in
comparison to the corresponding MC events in red. The >!°Bi MC and "Be-v MC exhibit hit
time distributions that are fully in agreement, given the statistics of the MC, which is why only
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the "Be-v MC is shown. What is important to note is that the data and the MC distributions
are significantly different from each other, given the statistics of the data. This means that
the data and the MC can have a different value of (Argi), as the position reconstruction is
governed by the underlying event hit time distribution.

Unlike the gv;, parameter, the (Arg;) value cannot be measured for the data. It would
require a dedicated electron calibration source with a known event direction, but such a
source has not been deployed in Borexino. This means that (Arg;;) and gv, are both nuisance
parameters in the context of the measurement of the number of solar neutrino events in
Borexino. The effective Cherenkov group velocity correction can be constrained by the
measurement of Chapter 5 using the 7y calibration sources, while the mis-reconstruction in
direction (Arg;;) must be left free in the fit.
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FIGURE 6.6: The impact of the nuisance parameters on the "Be-V signal cos « distribution for the
first hits of the events (Nth-Hit=1) of Phase 1. (a) The nominal MC with gv, = 0.108nsm~! and
(Argir) = 1.89cm (black) is compared to the MC with gv,, = 0.108nsm™! where (Arg;) is set to
2.35cm (blue) by shifting the reconstructed event position in the MC neutrino direction. The number
of Cherenkov hits is the same for both cos & distributions. The Cherenkov peak is decreased for the
larger (Argir) value, due to the increase in the negative cos ¢ slope. (b) The nominal MC (black) with
gve, = 0.108nsm™! is compared to the MC with gv ;, = 0.228nsm™!, where (Ary;,) is set to 1.89cm
(red) by shifting the reconstructed event position in opposition of the neutrino direction. The Cherenkov
to scintillation hit ratio for the first hits of the events is increased from 8% to 15%.

Figure 6.6 shows the impact of these two nuisance parameters on the "Be-v signal MC, on
the CID cos « distribution of the first hits of the events (Nth-Hit=1). The left plot shows the
nominal "Be-v MC with gv, = 0.108nsm~! and (Arg;;) = 1.89cm in black in comparison
to the a modified value of (Argi;) = 2.35cm in blue. This new (Arg;;) value is produced from
the same gv,,, = 0.108nsm~! simulation, by shifting each single reconstructed event position
in the known neutrino direction by 0.46 cm. The total amount of Cherenkov hits in both cos &
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distributions is the same, with a Cherenkov to scintillation hit ratio of 8%. The increase in
(Argir) results in an increase in the negative slope at cosa < 0.

This negative slope is superimposed on the Cherenkov peak at cos & = 0.7, which has the
consequence that an increase in (Argj;) results in a decrease of the Cherenkov peak without
changing the number of Cherenkov hits. It is induced by the non-zero value of (Arg;) due
to the necessary application of the ToF correction. The events are reconstructed in direction
of the neutrino, which corresponds to PMT hits with cos & > 0. These hit PMTs are now, on
average, closer to the reconstructed event position than they should be, which in turn means
that their hit times are under-corrected by the photon ToF. Likewise, those PMTs which are
opposite to the neutrino direction, i.e. cos & < 0, are over-corrected by their hit photon ToF.
The combination of these ToF corrections is then such that PMT hits with the lowest cos o
values have a higher chance to be selected as the early hits of the events (Nth-Hit=1, 2, 3, ...),
while the PMT hits with the largest cos o values have the lowest chance to be selected as the
early hits.

The right Figure 6.6(b) shows the cos & distribution of the first hits of the events for the
nominal "Be-v MC with gv, = 0.108nsm™! and (Arg;;) = 1.89cm in black, in comparison
to a simulation with gv,,, = 0.228nsm~! in red. This latter simulation is also set to (Argi;) =
1.89cm by shifting the reconstructed event direction by —0.46 cm, to look only at the impact
of gv,;, on the cos & distribution. The larger value of gv, results in a larger Cherenkov peak,
due to an increase in the number of Cherenkov hits at Nth-Hit=1. This is as expected, as
the gv, parameter effectively increases the Cherenkov photon velocity relative to that of
scintillation light. The Cherenkov to scintillation hit ration is 8% and 15% for the values of
gv, = 0.108nsm™~! and gv,,, = 0.228nsm ™!, respectively.
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1o — <Ard::> =235em, 9"2: =0.108nsmt FIGURE 6.7: The ~"VBi background cos & distribu-
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selected Rol. The different values of gv,, (Argir)

result in distributions that are well in agreement
with each other, given the statistics of the MC.
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Figure 6.7 shows the impact of the nuisance parameters on the 2!°Bi background cos o
distribution for the first hits of the events. The expectation is that different values of gv,
and (Argir) should not produce any difference in this cos o distribution, as the Cherenkov
light and initial electron direction of the background are uncorrelated to the position of the
Sun. This is the case for the investigated values of gv, = 0.108nsm~!,0.228nsm™! and
(Argir) = 2.35cm in black, red and blue, respectively. The background MC cos a distribution
is not uniform, but rather follows a parabolic shape, with a minimum around cos o =~ 0.1
and a peak to valley difference of about 2%. This shape is caused by the live PMT position
distribution in combination with the non-isotropic distribution of the solar direction. The
possible systematic uncertainty from this background shape is studied in Section 6.6 and is
found to be negligible.

6.2.2 Linear interpolation of cos o parameters

For the 2!°Bi background MC it is enough to simulate a single set of gv,, (Argi;) parameter
values, as the background does not depend on them. In contrast to this, the "Be-v signal MC
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needs to be produced for different sets of gv,, (Argir) parameter values. The parameter gv,
is implemented at the lowest level of the G4BX2 simulation, according to Equation 5.2, which
makes it necessary to run the full MC simulation multiple times. The value of (Arg;:) can be
changed following the event position reconstruction by shifting every reconstructed "Be-v
event position by the appropriate value towards the neutrino direction or opposite to it. This
means that all possible values of (Arg;;) can be produced from a single simulation with any
gv,, value.
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FIGURE 6.8: (a) The linear interpolation of gv,, dependent cosa histogram of the "Be-v signal
in the Phase 1 Rol. Using gv,, = —0.012ns m~! (red) and gve, = 0.228 nsm~! (blue) results in an
interpolated cos & histogram with gv,, = 0.108nsm~! (magenta) that is well in agreement with the full
MC gv,, = 0.108nsm~! cos o histogram. x2 = 7.7/9, p-value = 0.56. (b) Linear extrapolation using

gV, = —0.012nsm~! (red) and gv, = 0.108nsm~! (see (a)) to produce gv,, = 0.228nsm~! (ma-

genta) and using gv,;, = 0.228nsm~! (blue) and gv 4, = 0.108nsm™" to produce gv,;, = —0.012nsm~!.

The comparison between the extrapolated and full MC cosa histograms gives a y2 = 10.3/9,
p-value = 0.33.

It is time inefficient to produce the full G4BX2 simulation for a very fine binning of
different gv, values. Thus, the cos & histograms for different gv,,, values are instead inter-
polated between just two full gv,, simulations. This is shown in Figure 6.8, where the cos o
distribution of the full G4BX2 simulation of the "Be-V signal is plotted for three different gv,,
values. These are gv, = —0.012nsm ™!, gv, =0.108nsm ™! and gv,;, = 0.228nsm ! in red,
black and blue, respectively. These values correspond to the ~ 3¢ level of the measurement
with gv, = (0.108 40.039)nsm~!. The magenta line in Figure 6.8(a) shows the interpo-
lation of cos & with a value of gv, = 0.108nsm™~!, using the other two histograms. This
interpolated histograms is well in agreement with the true cos & distribution with a > =7.7/9,
p-value = 0.56.

Additionally, the right Figure 6.8(b) shows the extrapolation of the cos & histogram with
gV, = —0.012nsm~! in yellow and gv,y, = 0.228 nsm™! in magenta. The comparison to the
full MC cos & histograms shows again a good agreement with y? = 10.3/9, p-value = 0.33,
given the statistics of the MC. The conclusion is then that the contribution of Cherenkov hits to
the cos & distribution is well described by a linear interpolation between gv,, = —0.012nsm ™!
and gv,, = 0.228nsm~!. Therefore, it is sufficient to use these two full gv,, simulation to
produce all relevant signal cos & distributions. This behaviour does not necessarily need to
hold true at higher event energies which provide a larger number of Cherenkov hits per event.
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FIGURE 6.9: (a) The Nth-Hit dependence of the Cherenkov to total hit ratio for the "Be-v signal MC

with a value of gvy, = 0.108nsm™!. The first hits of the events have a maximum of 8%, while the

overall Cherenkov to scintillation hit ratio is about 0.34%. (b) The x? test value between the individual

Nth-Hit cos & histograms of the "Be-v signal MC and the >'°Bi background MC. Larger x> values

come from greater differences between the cos o histograms, which corresponds to a larger expected
sensitivity for the CID measurement.

6.3 Selection of the Nth-Hit cut off and number of histogram bins

Using the cos o distribution of the signal and background MC it is now possible to select a
value for the Nth-Hit(max) cut off, until which the analysis should be performed. The left
Figure 6.9(a) shows the Nth-Hit dependence of the Cherenkov to scintillation hit ratio for a
"Be-v simulation with a value of gv,, = 0.108nsm~!. The first hits of the events show the
largest Cherenkov fraction, which is still sub-dominant to the scintillation, while later hits
show a decrease in the ratio.

The right Figure 6.9(b) is a plot of the x? test values between the "Be-v MC and ?'°Bi
background MC cos @ distribution for a given Nth-Hit. The cos & histograms have a binning
of 60 and the y? value is calculated using the statistical uncertainty of the MC cos & bins. It
can be seen again, that the first hits of the events have the greatest difference between the cos o
histograms, while later Nth-Hits have a decline that is much steeper, relative to the decline in
the Cherenkov to scintillation hit ratio on the left. Starting from Nth-Hit = 5 the x> values
are flat. A larger x2 value means that the signal and background cos & distributions have a
greater discriminatory power between them, which corresponds to a larger expected sensitivity
in the CID analysis. Thus, the Nth-Hit until which the CID analysis is performed is chosen
as Nth-Hit(max) = 2, while the values of Nth-Hit(max) = 3, Nth-Hit(max) = 4 are used to
estimate the systematic uncertainty that could stem from this particular choice in Section 6.6.

The cos & histogram binning is selected according to a similar argument, based on a
toy-MC study [148]. For an injected number of solar neutrino events the estimated uncertainty
of the analysis results shows a decrease until a number of 20 bins, followed by a stable value
of the expected fit uncertainty. The number of 60 histograms bins is then selected for the CID
analysis and this somewhat arbitrary choice is varied in Section 6.6 to estimate a potential
systematic uncertainty.

6.4 Selection of good PMTs

The last selection that needs to be performed for the CID analysis is the selection of suitable
PMTs, that show the same behaviour between the data and the MC. This is illustrated in
Figure 6.10(a), on the left, where each PMT is plotted against the number of times it detected
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FIGURE 6.10: (a) The number of the first hits of the events (Nth-Hit = 1) at the different PMTs. The
data (black) shows an over-selection of some PMTs, while the "Be-v MC (red), normalised to the
data statistics, shows a relatively flat distribution. (b) The number of total hits at the different PMTs.
The data (red) and the normalised "Be-v MC (red) are in agreement with each other. Different PMTs
detect a different number of hits in the distributions due to different quantum efficiencies as well as the
presence or absence of the light collecting cone. Both these effects are well reproduced by the MC.

the the first hits of the events. The data of Phase 1 in the Rol is shown in black, while the
corresponding "Be MC is shown in red, normalised to the 19904 data events. It can be seen
that some PMTs are grossly over represented in the data, while the MC shows a relative flat
distribution. The right Figure 6.10(b) shows the same data and MC, but now for all PMT hits.
The data and MC are well in agreement, with a visible structure for the number of detected
PMT hits. The difference between different PMTs comes from the difference in the PMT
quantum efficiency, as well as the impact of the light collecting cone or its absence. Both
effects are well reproduced in the MC compared to the data.

This means that the over- and under-selection of the first hits of the PMTs for certain
PMTs is coming from a time mis-alignment of individual PMTs in the data. This is a problem,
because it influences the cos ¢ distribution shape of the early hits independent of the Cherenkov
to scintillation hit ratio and the bias of the position reconstruction. Some early PMT hits in the
data are selected not because they are hit by Cherenkov photons, but rather because the PMTs
have an intrinsic time misbehaviour. This has been already observed in Chapter 4, were some
PMTs have a run-by-run misbehaviour in their hit time distribution, while all PMTs have
a small, constant time offset between their hit time distributions. Therefore, these constant
time offsets C; between the individual PMTs are corrected in the data, using the results of
the C; measurement with the 2!#Po calibration source from Chapter 4.5.3. These corrections
alone are not enough to remedy the PMT misbehaviour of the data, as some PMTs remain
over-represented in their number of first hits, even after the time offset correction. This is
not unexpected, because the calibration campaign has been performed in a relative short time
window between 2008-2009, while Phase 1 ran from 2007-2010. It is possible, that the time
behaviour of some PMTs can degrade or change over time and some PMTs that have been
alive before 2008 have already been dead by the time of the calibration. Thus, the results of
the 2!Po calibration are not sufficient to correct the PMT time misbehaviour for the entirety
of Phase 1.

To correct the systematic difference between the early PMT hits of the data and the MC
only a sub-set of all live PMTs is selected to be used in the CID analysis. These so called "good
PMTs" are selected here based on a statistical argument. First, the data PMTs are corrected
with their measured constant hit time offsets C; and the PMTs with the worst run-by-run
hit time mis-alignment are deselected in both the data and the MC, following the results of



6.5. Measurement of the number of solar-neutrino events 97

Chapter 4 (see Figure A.1). Then, the same distribution of the number of first hits at each
PMT as in Figure 6.10(a) are used to compare each individual PMT between the data and the
MC, normalised to the data statistic. If the number of first hits is in a statistical agreement
between the data and the MC, than the PMT is selected to be used in the CID analysis. This
"statistical agreement" is defined as the two-sided Poissonian 68.3% confidence interval (CI),
where the Poissonian distribution is used because the expected number of first hits per PMT is
at about ~ 12. The calculation of the CI follows from the relationship between the Poissonian
and x? distribution function, as described for example in [151] (using the “usual” intervals).
For a coverage probability of (1 — @) (= 68.3%) and an observed number of first hits x at the
PMT the resulting interval is then defined as:

1 1
X hdt=24, (@/2) 1O 5% Bdt=2012], (1—a2) (6.3)

Equation 6.3 can be solved numerically or by using the inverse of the cumulative function
(x? quantiles). The PMTs are used in the CID analysis only if the intervals of the data and the
MC are overlapping. PMTs that do not fulfill this condition are deselected in both the data
and the signal and background MC for the production of the respective cos & histograms. The
same PMT selection procedure has also been performed in Chapter 5.

6.5 Measurement of the number of solar-neutrino events

The )(2 test statistics depends on the number of solar neutrinos Ngg,r— v, the mis-reconstruction
in direction Argi;, the Cherenkov group velocity correction gv, and is defined as follows:

2 60( (norm - M7 — D' >+<gvch—0.108nsm_l>2

2
N _ A : =
X~ (Nsolar—v; 8Ven» Ardir) ZZ norm - M? -+ norm?2 - M”" 0.039nsm~!

n=1i=1

Xz (Nsolar—v) = arg min [ngvch (Nsolar—v »&Vehs A”dir)}

&Ven Ardir

(6.4)

Here, D} represents the number of entries in the cos & histogram for Nth-Hit=n and at
bin i. The number of entries in the MC M}' depends on gv,, Argir and is normalised to the
statistics of the data with "norm". The term "norm®- M"" in the denominator describes the
uncertainty from the finite statistics of the MC simulation. The number of early hits to use for
the analysis is selected as Nth-Hit(max) = 2, while the number of histogram bins is 60. The
right part of the equation is a pull-term constraint on gv,;,, given the results of Chapter 5. The
Argir cannot be measured in Borexino and is left free from zero to 4 cm, which is large enough
such that a further increase has no impact on the x2 profile. A negative Arg;; value is excluded,
as it would mean that the data event position is reconstructed with a consistent bias in the
opposite direction of the Cherenkov hits. This is in opposition to the principle behaviour of
the position reconstruction algorithm. Only Ngoar—y is of interest for the CID analysis, which
is why gv,, Arg;r are treated as nuisance parameters. This means that the three dimensional
)(2 profile is minimised over gv,, Argir for each given value of Ngojar—v.

The neutrino signal MC cos o histogram is produced through linear interpolation of the
2V, Argir parameters, as described in 6.2.2. The full MC cos & histogram (M) is then the
weighted sum of the "Be-v signal MC (Mojar—v) and the 210B; background MC (Mpackground)s
constrained by the total number of selected data events Ny = 19904:

Nsolarf \Y
Ntotal

N total — Nsolarf \
Ntotal

M= : (Msolar—v(gvcha A"dir)) + : Mbackground (6.5)
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Using this xz test statistics defined in Equation 6.4 results in a best fit value of Nggjpr—y =
10887f%?g§’(stat.), with x2/ndf = 124.6/117, p-value = 0.30. The statistical uncertainty is
estimated from the y? profile trough Ay? = +1, corresponding to the Gaussian equivalent 1
level, i.e. a 68.3% CI. This x? profile can be seen in Figure 6.11 in black, where the individual
x? of the cos o histograms corresponding to Nth-Hit = 1, Nth-Hit = 2 are shown in red and in
blue, respectively. In the absence of additional systematic uncertainties the pure background,
zero-neutrino hypothesis can be excluded with a Ay? = 46.9. The Nth-Hit = 2 y? profile
is flatter than the Nth-Hit = 1 profile, as is expected from the larger number of Cherenkov
hits for Nth-Hit = 1. The kink around Njar—y =~ 1800 comes from the physical boundary of
Argir > 0.0cm. For a given, low number of Ngojar—y the fit accommodates the real Cherenkov
peak in data by reducing Argir and increasing gv,, i.e. increasing the MC Cherenkov peak
by decreasing the negative cos ¢ slope and increasing the Cherenkov hit per neutrino event
ratio. This is only possible until Argi; = 0.0cm reaches zero, and a further decrease in Nggjar—v
results in a steeper x? rise.
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FIGURE 6.12: The cos « distributions of the first (a) and second (b) hits of the data events in Phase 1
(black). This is compared with to the MC model cos & distributions of the best fit result (red) and the
pure background MC (blue). The MC histograms are normalised to the statistics of data. Used in [135].

The best fit results are presented in Figure 6.12, on the left for the cos ¢ distribution of
first hits of the events, and on the right for the second hits of the events. The data is shown
in black, with the corresponding statistical uncertainty. The best fit MC cos & histogram is
shown in red, while the pure background MC is shown in blue. The three parameter CID cos &
model seems to able to describe the data well, given the y?/ndf = 124.6/117 value and the
appearance of these cos ¢ distributions. The best fit result of the constrained gv,, parameter is
0.094 nsm~!, which well within the 68.3% confidence interval from the measurement. The
relevant systematic uncertainties are estimated in the following Section 6.6 and the calculation
of the "Be-V rate from the measured Nggjar—y 1S performed in Section 6.7.
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The CID analysis works by assuming the known position of the Sun as the origin of the
neutrino events. It is now also possible to assume a different origin of the neutrinos and
produce equivalent angular distributions cos &. This is presented in Figure 6.13. Here, the
true solar direction is defined in spherical coordinates as (¢ = 0°, 6 = 0°) and the sinusoidal
projection shows the best fit number of neutrinos Nyjar—y for a given direction (¢, 0) around
the Sun. The true solar direction shows the largest number of measured neutrino events, while
the assumed directions perpendicular to the solar direction have a best fit of Nygjar—v =~ O.
The Ngoar—v values at 180° are again non-zero, but significantly smaller than for the true
solar direction. This effect comes from the negative slope, induced by the mis-reconstruction
in direction Argir, which can mimic a small Cherenkov peak. Figure 6.13 is then a picture
of the Sun, as seen by the sub-MeV "Be neutrinos. This is similar to the picture of Super-
Kamiokande for 8B neutrinos [152]. While this representation has no additional sensitivity,
compared to the nominal CID cos o histogram analysis, it clearly shows the solar origin of the
sub-MeV neutrino events in Borexino.

6.6 Investigation of systematic uncertainties

The primary goal of this analysis is the proof-of-principle of the CID method by performing
a measurement on sub-MeV "Be neutrinos. The last step necessary for this measurement is
the estimation of the relevant systematic uncertainties, which is performed in this section.
As there is not much experience with the CID analysis the quantification of the relevant
systematic uncertainties are performed in a simple, but maximally conservative fashion. This
can accommodate the potential systematic uncertainties that have not been considered at the
time of this analysis, while not endangering the qualitative goal of the analysis. It seems
reasonable to err on the side opposing the analysis goal and then still be able to proof the
feasibility of the CID method, than to be overly optimistic and to potentially gloss over the
result. However, not all of the sources that are examined here have proven to be relevant.

6.6.1 MC production method

The first investigated source of a systematic uncertainty concerns the production method of
the MC cos & histograms for the neutrino signal and the background. The MC is simulated
with 200 MC events per data event, using the correct solar direction for the neutrino signal
and simulating the MC events in a 15 cm sphere around the reconstructed data event position.

The idea behind the 15 cm sphere is to minimise the potential impact of the event position
distribution on the cos & distribution. The calculation of cos @ depends on the reconstructed
event position, as it defines the reconstructed photon direction. This is investigated in Fig-
ure 6.14(a), where the nominal "Be-v signal MC, in black, is compared to a signal MC
simulation, that is simulated with a uniform but random event position, in red. The comparison
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FIGURE 6.14: (a) The "Be-v MC cos « distribution, where the true MC event positions are simulated
in a 15 cm sphere around the reconstructed event position of the corresponding data event (black).
This is compared to the MC simulation, where the true event position is sampled uniformly in the
detector (red). Both distribution are in agreement with x> /ndf = 9.8/9, p-value = 0.36. (b) The cos o
distribution of the first hits of the events for the full MC simulation of the 2!°Bi background (black) in
comparison with a toy-MC background simulation (red). The toy-MC takes into account only the live
PMT distribution and the solar direction distribution but has no information about the hit timing. Both
distributions are well in agreement with 2 /ndf = 9.4/9, p-value = 0.40.

between the two histograms gives a y%/ndf = 9.8/9, p-value = 0.36, given the statistics of
the MC. For a given neutrino direction the significantly different event positions still produce
an integrated cos o distribution that is compatible with the more constrained 15 cm sphere
method. This means that the CID cos & distribution is robust, relative to the exact position
distribution of individual events.

Another concern is the exact shape of the cos a distribution, given the distribution of
selected PMT positions, and the solar direction distribution. This is investigated in Fig-
ure 6.14(b), where the nominal >'°Bi background MC, in black, is compared to a toy-MC
study of the background, in red. The toy-MC uses the same selected PMT positions as the
data and the full MC, and simulates pseudo events uniformly in the detector, with a random
photon direction and with a solar direction sampled from Figure 3.2 It has no PMT timing
information and it is produced with about 1.5 times the statistic of the full MC. The cos &
distributions of the full MC and the toy-MC are well in agreement with a x2/ndf =9.4/9,
p-value = 0.40. This means that the parabolic shape of the background cos o distribution is
produced by the geometric effect of the selected PMT positions, which is well reproduced
through the event-by-event simulation approach. The conclusion is then that no systematic
uncertainty can be attributed to this MC production procedure.

6.6.2 Non-uniformity of >'°Bi background

The next possible source for a systematic uncertainty is the non-uniform distribution of the
data background events. This can be seen in Figure 6.15(a), where the reconstructed z-position
distribution is shown in black, in comparison to the expected distribution for a uniform event
distribution, in red. These distributions are significantly different from each other, giving a
x%/ndf = 311.6/65. There is an over-representation of events in the data close to the vessel
end-caps at large z-values. The potential impact of this non-uniformity has also been studied
with a toy-MC simulation, which is presented in Figure 6.15(b). Here, all simulated photons
crossing a radius of 6.5 m are defined as detected, which then corresponds to a full photo
coverage of the detector. The solar direction is again sampled according to the true data
distribution shown in Figure 3.2 The toy-MC simulation is performed for a uniform position
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FIGURE 6.15: (a) The distribution of the reconstructed event position in z. The Phase 1 data (black) in
the Rol is compared to the expected distribution following a uniform event position distribution (red).
The distributions are significantly different from each other with x2/ndf = 311.6/65. (b) The cos &
distribution of a toy-MC background simulation with a uniform position distribution (red), compared
to the cos o distribution produced by an event position distribution following the data in (a). A detector
coverage of 100% is assumed, i.e. there is no geometric effect from a finite number of PMT positions.
Both distributions are simulated with 10° photon hits and they are significantly different from each
other. The absolute difference is negligible given the statistics of the data.

distribution in red and for the non-uniform distribution seen in the data in Figure 6.15(a), in
black. These simulations are performed with a statistic of 10° photon hits.

It can be seen that the uniform position distribution now produces a flat cos ¢ distribution,
which agrees with the previous observation, that the finite PMT position distribution is the
cause of the parabolic cos & shape for the background. In contrast, the toy-MC with the non-
uniform event position distribution is significantly different from a flat cos o distribution, but
the absolute difference is smaller than 0.1%. This difference is so small, that it is considered
safely negligible given the statistics of the MC and the other systematic uncertainties. Please
note, that Figure 6.14(b) and Figure 6.15(b) show different background cos ¢ distributions, as
the former uses the live PMT distribution and coverage, while the latter toy-MC assumes a
full detector coverage.

6.6.3 Uncertainty of the effective scintillation group velocity

The CID analysis is performed on those PMTs hits, which have the earliest estimated emission
time. This photon emission time is estimated trough the ToF correction of the path length
between the hit PMT and the reconstructed event position. This ToF correction depends on the
effective scintillation group velocity, which is measured as the effective scintillation refractive

index ngff(d ) in Chapter 4. It is found, that ngff(d ) is well described by a linear dependency on

eff

the d, due to the attenuation in the LS. The uncertainty An" (d) needs to be considered, as it

g
can influences which PMT hits are selected as Nth-Hit = 1,2. Varying nsz(d ) according to its

relatively small uncertainty results in a expected ToF difference of Af ~ 0.06ns atd = 6.5m.

At the time of this analysis and its publication in [134, 135] the incorrect, constant ngff
model has been used for the ToF calculation. This mistake has been found only after the
publication of the results in a re-evaluation of the ngff(d ) measurement. Using the correct linear
model of ngff(d ) for the ToF correction results in a best fit value of Nfgf;r_v = 110151’%‘1%.
This means that even using the incorrect nsz(d) model introduces only a relatively small
systematic uncertainty of the 1.2% compared to the nominal result. The results presented in

the next Section 6.7 are the same as the published ones for the sake of compatibility. The best
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fit difference is relatively small and the other systematic uncertainties are already estimated
maximally conservative to take into account exactly these types of mistakes. As such, an
update of the best fit Nyojor—y value compared to the published results [134, 135] would not
change the conclusion of this CID analysis.

6.6.4 Selection of Nth-Hit(max)

The selection of Nth-Hit(max) = 2, for the number of early hits to be considered in the
CID analysis, could introduce a systematic uncertainty. The Nth-Hit dependence of the
Cherenkov to scintillation hit ratio is influenced by the gv, parameter, which could have
unaccounted for systematic differences between the y-source measurement and the imple-
mentation in the G4BX2 neutrino simulation. For this reason the CID analysis is performed
two more times, for Nth-Hit(max) = 3,4 and the biggest observed difference is used to esti-
mate the systematic uncertainty. The best fit values are NPt (Nth-Hit(max) = 2) = 10887,

solar—v

NPest  (Nth-Hit(max) = 3) = 10370, N2 (Nth-Hit(max) = 4) = 10540. Thus, the sys-
tematic uncertainty is conservatively taken as =517, given the results between Nth-Hit(max) =

2 and Nth-Hit(max) = 3.

6.6.5 Selection of cos o histogram binning

The analysis is performed on histograms with a number of 60 bins, selected according to the
results of a toy-MC study regarding the expected sensitivity. This particular choice is somewhat
arbitrary, as all numbers of bins > 20 are expected to perform equally well. This choice could
introduce a systematic uncertainty, should there be a unconsidered difference between the
data and MC cos « distributions. For example, there could be some large scale structures
in the data or the MC, for which a too fine binning could decrease their potential impact
due to low bin statistics. Likewise, should there could be some cos & outliers due to some
undetected effect in the data and those would be smeared out by a too large bin-width. Thus,
the CID analysis is performed again with a number of 30, 40 and 120 cos & histogram bins.
Again, the largest difference between these analysis results and the nominal best fit value is
used to estimate the systematic uncertainty. The best fit values are N° (30 bins) = 10991,

solar—v

Nbest (40 bins) = 11343, N* (120 bins) = 10931. Thus, the systematic uncertainty is

solar—v solar—v
conservatively taken as +456, given the results between 40 and 60 bins.

6.6.6 Selection of good PMTs

The data PMTs exhibit a misbehaviour in their hit time distribution, which can over- or under-
select early PMT hits, based on the particular hit PMT. This misbehaviour is taken into account
for the production of the cos & histograms, by only selecting PMTs that show a good agreement
between the data and the MC. This "good agreement" is defined here as the Poissonian 68.3%
(10) CI for the number of first hits at the PMTs between the data and the MC. It is clear that
this statistical approach is de-selecting a relatively large number of PMTs that do not have any
systematic difference between the data and the MC, while there is still a chance that bad PMTs
are not de-selected. To estimate the possible systematic uncertainty from the PMT selection
method the analysis is performed again, with a less stringent selection of PMTs according to
the 95.5% (20) CI. The result is Nggf;r_v(95.5%CI PMT selection) = 10247, which gives a
systematic uncertainty of +640.

6.6.7 CNO-v and pep-V constraint

The next systematic uncertainty concerns the measurement of the "Be-Vv rate in Borexino,
in units of [cpd/ 100t]. For this, the measured number of neutrino events Ny must be
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subtracted by the expected number of CNO-v + pep-v events. Their B16 SSM [35, 99]
expected event numbers are given in Table 6.2. Overall, the CNO-v + pep-v events are
expected to contribute about ~ 12% of the total number of neutrino signal events. The CNO-v
+ pep-V events can only be subtracted from Nojor—y if their MC cos ¢ distributions have a
reasonable agreement to the cos & distribution of the "Be-v MC, which is used as the signal
histogram in the CID analysis.

I — "BeMC Cherenkov hits

— CNO MC Cherenkov hits FIGURE 6.16: The cosa distribution of all
Cherenkov hits for the "Be-v MC (black) and a
CNO-v MC (red). The latter assumes the most ex-
treme case, for a neutrino energy of E, = 1.74MeV
at the endpoint of the CNO spectrum. The his-
tograms are comparable with each other, x?/ndf =

24.8/19, p-value = 0.16.
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This is evaluated with Figure 6.16, where the nominal "Be-v MC (E, = 0.862MeV) is
compared to a simulated neutrino event corresponding to the endpoint of the CNO-v with
E, = 1.74MeV. This corresponds to the most extreme possible difference in the neutrino-
electron angle cos 6,. Figure 6.16 shows the cos & distribution of all Cherenkov hits between
the "Be-v MC in black and the CNO-v in red. The comparison of these histograms gives a
x%/ndf = 24.8/19, p-value = 0.16. It is possible that there is a relatively small systematic
difference between the neutrino signal cos o distributions, where the CNO-Vv cos ¢ distribution
is shifted to larger cos @ value, compared to the "Be-v cos « distribution. Given the sub-
dominant contribution of CNO-V + pep-V events and the non-significant cos @ difference
between the most extreme neutrino energy differences, it seems reasonable to consider this
cos & shape systematic uncertainty negligible.

Thus, the relevant systematic uncertainty here comes only from the SSM expected number
of CNO-v + pep-v events. This value is NSE;‘ECNO = 11283%8, where the HZ model is used
as the central value with the corresponding model uncertainties and the difference between
the HZ and LZ models is used as an additional systematic uncertainty.

6.6.8 Exposure

The last relevant systematic uncertainty concerns the calculation of the "Be-v rate. This
calculation is performed by simply multiplying the measured number of N-g,_,,, after the
CNO-v + pep-Vv correction, with the effective exposure f. This effective exposure is the
product of the live time, the fiducial mass, the energy efficiency €z and the MLP exposure,
which has an uncertainty of 1%. The exposure uncertainty is estimated conservatively by
using the single largest observed difference in the reconstructed position between the data
and MC calibration sources and calculating the fiducial volume accordingly. This difference
is 5Scm (see Figure 22 in [85] ), which results in a relative uncertainty of 4.6%, given the
selected spherical fiducial volume with a radius of R = 3.3 m.

6.6.9 Summary

In this chapter, the relevant sources of systematic uncertainty have been examined. The
contribution of different parameter selections, such as the Nth-Hit(max), the cos & histogram
binning and the PMT selection, has been estimated maximally conservative. It is clear that
different parameter choices will result in different best fit outcomes purely due to statistical
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Source Uncertainty [%] Source Uncertainty[%]
Selection of binning 4.2 MLP exposure 1.0
ANSSM

Selection of Nth-Hit(max) 438 = pep+CNO 23
Nsolar—v ’
Selection of good PMTs 5.9 Fiducial mass 4.6

ANolar— AR('B

Total M 8.7 Total Q +18(2)

Nsolarfv R(7BC) B

TABLE 6.3: Relevant systematic uncertainties for the CID measurement of N,y and the "Be-v rate.

effects, and potentially also due to systematic differences between the data and the MC model.
Here, these different best fit outcomes are instead attributed fully to systematic uncertainties
of unknown origin. While this method likely overestimates the uncertainty it is at the same
time relatively simple to perform. Likewise, the exposure has also been estimated maximally
conservative, using the largest possible difference in the FV. This approach does not hinder
the principle analysis goal, which is the proof-of-principle of the CID method, and not a
maximally sensitive measurement of the "Be-Vv rate. The relative systematic uncertainties
are summarised in Table 6.3, relative to the best fit value for the number of neutrino events
Nsolar—v-

These estimations can be improved by a more thorough study, using toy-MC simulation
to disentangle the purely statistical and potential systematic components of the best fit result
differences. This is performed and explained in detail for the CID measurement of the CNO-v
rate in Chapter 7.

6.7 Final results
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The final result on the CID measurement of the number of solar neutrino events now
includes the systematic uncertainties: Ngojar—y = 10887f%?82(stat.) 4947 (syst.). These system-
atic uncertainties are included in the measured sz(Nsolar_v) profile through the convolution
of the likelihood function exp (—%AXZ) with a Gaussian distribution. Its standard deviation is
given by the quadratic sum of all relevant systematic uncertainties. The Ay? profile, including
the systematics, is shown in Figure 6.17 as a solid blue line, in comparison to the Ay? profile
without systematics as a dotted blue line. The blue band shows the 68.3% CI (10) of the CID
measurement, while the orange band shows the SSM expected value of N3SM_ — 101871’?‘1%7.

solar—v
This value uses the HZ model as a central value and the difference of the HZ and LZ models
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as an additional model uncertainty. The SSM expectations and the CID measurement are well
in agreement with each other, given the relatively large uncertainty of the measurement of
—22%, +24%. The exclusion of the zero-neutrino, pure background hypothesis is given by
AXZ(NSOM,V =0)=38.7,p-value=5- 10~1°. This corresponds to an exclusion at the > 60
level, i.e. a detection of sub-MeV solar neutrinos with a fit that depends only on the directional
information of the Cherenkov hits.

It has to be noted here that the so called statistical uncertainty includes the impact of the
nuisance parameters, meaning it is not actually purely defined by the number of data events
and PMT hits. Fixing the nuisance parameters to their best fit value results in a Ay? profile
with a purely statistical uncertainty of ANgqpr—y = £1523. Thus, the impact of the nuisance
parameters Argir, v, can be estimated as (+1837, —1450).

Next is the calculation of the "Be-V interaction rate in the Borexino detector. This is done
by constraining Ngojor—v With the number of expected events Nggpl\fCNo = 11287130 and then
scaling the resulting number of N7p._,, with the effective exposure f = 189.0 (100 txdays):

1 cpd
R(Be) = ; (Nootar—v — NSSM ) = 51.6 139 (stat. + syst.) ﬁ (6.6)

This rate R(’Be) corresponds to both the mono-energetic lines of the “Be neutrinos with
0.862MeV and 0.384 MeV.

Systematic free exclusion of the zero-neutrino hypothesis
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"~ Phase 142+3 Data: 78632 events _+_ FIGURE 6.18: The cos & distribution of the full de-

tector live time Phase 1 + Phase 2 + Phase 3 (black),
P background MC _+_ compared with the background MC distribution
+ (blue), normalised to the statistics of data. The
distributions are significantly different from each
other, with x2/ndf = 107.0/9, p-value = 6-10~1.
_+_ This plot is updated relative to the published re-
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The principal CID measurement is performed here only on Phase 1, due to the potential
impact of a change in the detector response of the gv, measurement, as well as the mea-
surement of the constant hit time offsets between the different PMTs. These parameters are
measured using the calibration sources deployed in relatively short time intervals between
2008-2010. At the time of this analysis it has not been clear how applicable these values
could be for Phase 2 and Phase 3. Thus, the cos o distributions of all phases is used here,
not to perform a measurement, but to provide an additional exclusion of the zero-neutrino
hypothesis.

This can be seen in Figure 6.18, where the cos @ histogram of the sum of the Phase
1+2+3 events is shown in black, in comparison to the corresponding background MC. The full
detector live time of 3628.7 days provides in total 78632 data events. A Cherenkov peak can
be clearly seen in the data, albeit at cos @ ~ 0.9 instead of the expected cos @ ~ 0.7, likely
due to statistics. The comparison between the data and the pure background MC gives a
x%/ndf = 107.0/9, p-value = 6 - 10~'°. This means that the background alone is not able to
explain the cos & shape of the data and there must be a contribution of solar-neutrino events.
This exclusion of the zero-v hypothesis is free from the previous systematic uncertainties and
does not depend on the three parameter MC model of the CID measurement. It is an additional
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reinforcement for the proof of the CID principle, where the directional information of the
solar neutrinos can be accessed through the Cherenkov hits, even for sub-MeV neutrinos.

6.8 Conclusion and outlook

The goal of this Chapter is to provide the proof-of-principle for the detection of sub-MeV
neutrino events, using their directional Cherenkov hit information in the Borexino LS detec-
tor. The analysis is performed on the Correlated and Integrated Directionality (CID) cos &
distribution. This distribution is produced by correlating the known position of the Sun with
the detected PMT hits for every event. The integration of these angular correlation PMT hit
values cos & over a large number of events then provides a cos & distribution from which the
number of neutrino events can be inferred statistically.

The data events are selected in a beneficial Rol and FV, with a Rol of 225 < N£*° < 305,
This efficiently selects the Compton-like shoulder of the recoil-electrons from the 0.862 MeV
line of "Be-v. These borders correspond to a range of 0.56MeV < E, < 0.76MeV, smeared
by the finite PMT hit statistic. It has to be noted here that this event selection makes explicit
use of the dominant scintillation hits, as the Cherenkov to scintillation hit ratio at these energies
is only about 0.34%.

The model of the cos & distribution is produced with the G4BxX2 MC and uses the two
nuisance parameters gv., and Arg;; in addition to the number of neutrino events. The gv
can be measured in Borexino through the use of y calibration sources while Arg;; cannot be
measured due to the lack of a dedicated electron Cherenkov calibration source. Consequently,
the gv,,, can be constrained with a Gaussian pull-term, while Arg;; is left entirely free in the
fit of the number of solar neutrino events. These two nuisance parameters are effectively
the largest contribution to the systematic uncertainty budget. The other sources of relevant
systematic uncertainties are estimated maximally conservative from the biggest difference
between the nominal analysis and variations in the Nth-Hit(max), histogram binning and the
selection of good PMTs.

The final result on the number of solar neutrinos is then Ngjar—y = 1088733857S (stat.+syst.),
which is well in agreement with the SSM expected value of NSSM = 10187131).. This results
in a rate of R("Be)cip = 51.67132 (stat. + syst.)cpd/100t, after constraining the CNO+pep-v
event number. The CID measured result is well in agreement with the result of the corre-
sponding Phase 1 spectroscopy of R("Be) = 47.874-2.28cpd/100t [83]. It is clear that the
distinct "Be-v shoulder can be fitted rather well by the spectroscopic analysis using the scintil-
lation hits, resulting in much smaller uncertainties compared to the CID results. Nonetheless,
the CID method also provides a measurement of the "Be-V rate, using only the directional
Cherenkov information for the fitting. The CID analysis gives a Ay?(Ngolar_v = 0) = 38.7,
corresponding to a > 60 rejection of the zero-v hypothesis. Thus, the combination of the
event selection through the scintillation hits and the subsequent analysis of the directional
cos & Cherenkov information makes this analysis a hybrid detection of the neutrino events.
The CID analysis provides the first direct use of the Cherenkov photons from sub-MeV solar
neutrinos and this is an additional proof of the solar origin of the signal events in Borexino.
The conclusion is then, that it is quite possible to access the directional Cherenkov information,
even in a monolithic, high light-yield LS detector, such as Borexino. These CID results are
published in [134, 135].

Therefore, the ongoing development of hybrid target materials and detection hardware
[119, 120, 124, 122] can be seen in a positive light. All developments that are intended
to improve the event-by-event direction reconstruction will likely also improve the CID
method. For future experiments it seems reasonable to suggest the use of a dedicated electron

ISumming both the 0.862MeV and 0.384MeV lines of "Be-v
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Cherenkov calibration source, in addition to all the other improvements that are necessary for
future generation (solar) neutrino detectors. The immediate improvement of the CID analysis
in Borexino is performed in the following Chapter 7, where the CNO-v rate will be measured.
In the current chapter only Phase 1 is used for the analysis, which is a deliberate conservatism.
The main argument for this has been, that at the time of this analysis it has not been clear how
well applicable the measured gv, pull-term is on Phase 2 and Phase 3, as well as the constant
PMT hit time offsets. Both these properties are measured with calibration sources deployed
between 2008-2009, i.e. only during Phase 1. The following CID CNO-v analysis will use
the full detector live time and measure these values for each phase separately, using the 'Be-v
edge events, as well as !'C background events.
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Chapter 7

Correlated and Integrated
Directionality Measurement of
CNO-Neutrinos

Abstract

Borexino has provided the first experimental evidence for existence of CNO-cycle neutrinos
in the Sun, by performing a multivariate, spectral fit. This has been achieved through the
thermal stabilisation of the detector in Phase 3, which allowed for the constraint of the internal
210Bj background. The strong degeneracy between the spectra of the 2!°Bi background and
the CNO-v signal would otherwise not allow for a sensitive measurement of the latter. The
Correlated and Integrated Directionality (CID) method now offers a unique crosscheck and
complementary measurement to this spectral fit of the CNO-v rate, where the CID does
not depend on a 2!°Bi constraint and can therefore be performed for the full detector live
time. The CID analysis has been further improved in this chapter, compared to the previous
proof-of-principle of the hybrid event detection of sub-MeV neutrinos. First, the effective
Cherenkov group velocity correction gv,, is measured trough the CID analysis on the neutrino
dominated region around the Compton-like "Be-v edge, around ~0.5MeV—0.8 MeV. For
this, the number of solar neutrinos is treated as a nuisance parameter for the measurement
of gv.,, where the "Be-v and pep-V neutrinos are constrained according to the Standard
Solar Model predictions. The CID measurement of the CNO-neutrinos is then performed in
a decoupled energy region around 0.85 MeV-1.3 MeV. Further improvements of the CID
sensitivity are provided by an optimised selection of the early PMT hits to use for the anal-
ysis, as well as an improved selection of well behaving PMTs. Two separate data sets are
selected, Phase 1 and Phase 2+3, to account and investigate for the potential change of the
detector response over time. No systematic differences have been found between the CID
analyses of Phase 1 and Phase 2+3. The full CID measurement of the CNO-vV rate results
in Reno = 7.23:? (cpd/100t), using the entire detector live time of 3628.7 days, trough the
combination of the Phase 1 and Phase 243 results. The associated probability for the zero
CNO-v hypothesis is P(Ncno = 0) = 7.8 - 1073, This corresponds to a detection of the solar
CNO-cycle neutrinos with more than 5. Therefore, the CID method provides a relatively
direct proof of the solar origin of the CNO-v signal. Future, large scale liquid scintillator
or hybrid detectors may be able to further benefit from the CID for the measurement of low
energy solar neutrinos by combining the spectral and CID analyses.

Borexino has successfully measured the fluxes of solar neutrinos from the entire pp-chain
of fusion reactions [86, 87, 84, 31, 88], with the exception of hep neutrinos. Nonetheless,



110  Chapter 7. Correlated and Integrated Directionality Measurement of CNO-Neutrinos

the spectral measurement of the solar neutrinos from the CNO-cycle requires an even more
attentive treatment of the residual radioactive background. The main hurdle here is the
degeneracy between the >'°Bi background spectrum and the CNO-v recoil electron spectrum.
Additionally, the endpoint energy region of the CNO-v spectrum has a large contamination
of cosmogenic ''C events. Therefore, the measurement of CNO-neutrinos using the spectral
fit is dependent on an external estimation of the 2!°Bi background [153]. Such an estimation
requires a sufficiently high thermal stability of the detector and the understanding of the
fluid-dynamical, convective motions inside the detector, as well as certain assumptions about
the transport mechanisms of the >'°Bi and 2!°Po daughters of the 2!°Pb decay chain. For
this purpose the detector has been thermally insulated in 2015, to minimise the convective
transport of 2!°Po from the vessel surface to the inside of the FV. The thermal behaviour is
continuously monitored and compared to fluid dynamics simulations [154, 155]. With this
understanding of the convective transport, the 2!Bi rate can be indirectly constrained through
its daughter 2!°Po, using the so called low-polonium field [89].

With these efforts Borexino has managed to provide the first direct experimental evidence
for the existence of the CNO fusion cycle inside the Sun, as well as a measurement of the
CNO-v rate [68, 45]. Here, the data taking live time is limited by the thermal stability to
1431.6 days of Phase 3 [45], starting from January 2017. Furthermore, the solar origin of
the measured CNO-v events is proven only indirectly, by the subtraction of the background
and pep-Vv events from the measured energy spectrum, after which the remainder is in good
agreement with the spectrum expected from CNO-v events.

Naturally, the CID analysis method now offers itself as an interesting cross-check and
supplementary measurement of the CNO-v rate. It can potentially provide a direct proof of
the solar origin of the (assumed) CNO-v events. The CID cos & shape has a fundamentally
smaller degeneracy between the 2!°Bi background and CNO-v events. The cos & shape of all
background events originates from the distribution of live PMTs and it is relatively flat, while
the signal cos & shape of all solar neutrino species exhibits a distinct Cherenkov peak around
cosa ~ (.7, given sufficient statistics.

This means that the CID can be used throughout the entire detector data taking time from
Phase 1, Phase 2 to Phase 3 and does not depend on an external 2!°Bi constraint. It needs
no thermal insulation or fluid dynamics simulation and the CID does not depend on any
assumptions about the convective motions of the different background species. Given enough
statistics and a sufficiently high sensitivity, the CID has the potential to provide a measurement
of CNO-neutrinos, independent and without the challenges of the multivariate fit.

To achieve this goal, first an advantageous fiducial volume (FV) and energy region of
interest (Rol) is selected in Section 7.1, based on the expected number of neutrino events given
by the standard spectral fit. Then, the following Section 7.2 explains the production of the MC
signal and background cos & histograms used for the CID analysis, given the selected FV and
energy Rol. The previous CID analysis of "Be-neutrinos provided important lessons, which
open up a multitude of avenues for the improvement of the current CID analysis, maximising
its sensitivity for the measurement of the CNO-v rate. The first of which is the optimised
selection of the Nth-Hit(max) cutoff, described in Section 7.3. The new selection increases
the expected sensitivity by a factor of about ~ 1.5, compared to the selection used for the CID
"Be-v measurement. Next is the selection of good PMTs to use for the production of the CID
cos & histograms, described in Section 7.4. Here, the PMTs are deselected according to their
individual hit time distributions, allowing for a less conservative selection of a greater number
of PMTs to use, further improving the sensitivity.

The CID analysis chain is explained in Section 7.5, where Phase 1 and Phase 243 are
analysed separately to investigate a potential change of the CID detector response over time.
First, the effective Cherenkov group velocity correction gv,, is calibrated on the "Be-v
edge region, ~0.5 MeV-0.8 MeV. For this, the expected number of neutrino events are now
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treated as a nuisance parameter and gv, is the parameter of interest in the CID analysis.
The standard solar models (SSM) B16 [35] are used for the calculation of the expected
neutrino rates, with the high metallicity model GS98 (HZ-SSM) and the low metallicity
model AGSS09met (LZ-SSM). Then this gv,, measurement is used as a pull-term for the
measurement of the CNO+pep-neutrinos in their Rol, decoupled from the "Be-v edge region at
0.85MeV-1.3 MeV. This approach has the advantage that a potential change of the detector
response over time is effectively included in the gv, calibration, while at the same time
the gv,;, uncertainty is smaller compared to the gv, calibration using the y-sources of the
calibration campaign, for both Phase 1 and Phase 2+3.

Next is the study of the systematic uncertainties in Section 7.6. Here, toy-MC studies
are used in the investigation of the different selection choices made for the analysis and the
CID background is examined with events outside of the energy Rol. While the previous CID
analysis of "Be neutrinos is intended as a proof-of-principle and therefore uses maximally
conservative estimates of the systematic uncertainties, the emphasis of this chapter is on
more reasonable estimates, that require more thorough investigations. Following this train
of thought, Section 7.7 examines the fit response itself, where a fitting bias is found and
corrected through a Bayesian toy-MC sampling of the posterior. The final results of the CID
measurement of the number of solar neutrinos Ncno+pep and the CNO-V rate are presented in
Section 7.8, including the systematic uncertainties and with the correction of the fit response
bias. The last Section 7.9 concludes the CID analysis of CNO-neutrinos with a summary.

The presented CID results, as well as the ROOT scripts used for their production, have
been cross-checked and reproduced by | NN 2s part of her dissertation. She
also performed the y background systematic toy-MC study [156] and the calculation of the
TFC-cut exposure efficiency. The FV and Rol selection has been primarily performed by
I - part of her master thesis [149] and Section 7.1 is based on her Borexino
internal document [157].

7.1 Selection of CNO- and pep-neutrino region of interest

In this section the data event selection is explained, where the first selection is the data taking
live time to be used. The CID analysis will be performed independently for Phase 1 and
the sum of Phase 2+3. The use of at least two independent CID data sets makes it possible
to crosscheck the results, which could potentially help in the investigation of systematic
uncertainties stemming from a change of the detector response over time. At the same time,
using the sum of Phase 2+3 is expected to maximise the absolute number of CNO+pep-
neutrinos, as Phase 2 and Phase 3 have both a longer data taking live time than Phase 1 and a
reduced number of 2!°Bi background events.

The next selection parameter is the cut on 11C events, using the three fold coincidence
(TFC) [83, 109] algorithm, where otherwise !'C events could dominate over the v-signal
events. Thus, the main CID analyses in the following sections are performed on ''C TFC-cut
data, while the TFC-tagged data is not used directly for the CID analyses. Next, it is necessary
to define a Rol which has a favourable number of CNO- and pep-neutrinos NcNo+pep, relative
to the total number of events Ny, . At the same time the CNO+pep-v region should be
decoupled from the previously selected 'Be-v edge region to avoid potential correlations
from the calibration of gv ;, as it is used as a pull-term for the Ncno+pep measurement. The
spherical FV cut on R is limited mostly by the external y events (*°K, 2!Bi and 2°%Ti) as their
number increases exponentially for larger R.
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A figure of merit (FoM) is defined here as the ratio between the expected number of
CNO-+pep-neutrinos NeNo+pep OVer the statistical uncertainty of Nyogal:

N,
FoM(R, N£° (min), NE°(max)) = —~otBP (7.1)

V Niotal
The FoM is calculated for each phase independently and maximised to find the best
combination of the spherical FV cut R and the upper and lower energy cuts of Nﬁeo. The
estimation of NcNo+pep and Nyora 1s based on the results of the standard spectral fit for a given
combination of R and N§*°(min), N£*°(max). The exception are the external ¥ background
events, which have been fixed by hand in the fit to give reasonable results. The systematic
uncertainties of the standard fit are not considered in this estimate. The FV radius R is
varied between 2.90m and 3.10m in steps of 0.05m and the spectral fit is performed at
each FV to calculate the FoM with the fit results of NcNo+pep and Nigal, for a range of
340 < N;°°(min) < 400 and 400 < N;°°(max) < 600. The Rol is then selected according to

the highest FoM given the parameters R, N (min) and N*°(max).

R[m] N{(min) NE*°(max) | Mol

Phase 1 3.05 340 520 2990
Phase 243 | 2.95 340 515 5974

TABLE 7.1: Selected Rol for CNO+pep-v CID analysis and the number of selected data events Ny,

Live Time Fiducial Mass TFC Exposure

Phase 1 740.7 days 104.3 tons 55.77%
Phase 243 | 2888.0days 94.4 tons 63.97%

TABLE 7.2: Live time, fiducial mass and TFC exposure for the selected Rol.

Table 7.1 summarises the Rol parameters which maximise the FoM for Phase 1 and
Phase 2+3. The Rol for the combined analysis of Phase 243 is reduced to Phase 3 for the
sake of simplicity, as Phase 2 and Phase 3 have very similar Rol values, R(Phase 2) = 3.00m,
R(Phase 3) = 2.95m and no difference in N *°(min) and N£*°(max). The selected R decreases
for later phases as more external Yy events are reconstructed inwards, due to the decrease in
position resolution from the loss of PMTs over time. This also has the consequence of a
reduced energy resolution, such that more external ¥ events are reconstructed inside the energy
Rol, which results in a lower Ni*°(max) selection Phase 2+3, compared to Phase 1.

Table 7.2 shows the data taking live time, the fiducial mass and TFC-cut exposure for the
selected Rol of each phase. Phase 1 has a data taking live time of 740.7 days [83], Phase 2+3
has 2888.0 days (1291.5 days from Phase 2 [84], 1596.5 days from Phase 3 [158]). Using
the LS density of (0.878 +0.004) gcm™> [90] results in a fiducial mass of (104.3 £0.5) tons
for Phase 1 and (94.4 £ 0.4) tons for Phase 2+3. The TFC-cut exposure has been calculated
using the standard toy-MC TFC exposure study [83] for the selected FV. The TFC exposure
values are 55.77% for Phase 1 and 63.97% for Phase 2+3, both with a negligible uncertainty
of £0.02%. The TFC algorithm has been explicitly optimised for Phase 2 and Phase 3, for
the neutrino measurement using the standard spectral fit. For this reason Phase 1 provides a
lower exposure compared to Phase 2+3, but the updated TFC algorithm nonetheless provides
a better Phase 1 exposure compared to the old result of 48.5% [83].

Figure 7.1 shows the distribution of Nﬁeo for the selected TFC-cut data events of Phase
1 and Phase 2+3 in black and red, respectively. There is no discernible structure visible for
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Selected N }g‘m for CNO+pep CID Analysis

230 2 — Phase 1

L — Phase 2+3
. FIGURE 7.1: The Ni*° distribution of data events
E 150 for Phase 1 and Phase 2+3 in the selected Rol.
3 Phase 1 in black, with R < 3.05m and 340 <
g o NE® < 520. Phase 2+3 in red with R < 2.95m

and 340 < NE%° < 515.

501~

o L

0 340 360 380 400 420 440 460 480 500 520
Ngeo

h

these NE*° distributions.

v | eg(Ph. 1) &g(Ph.2+3) Rate[cpd/100t] NJSM(Ph. 1) NJSM(Ph. 243)
Be | 5.105  12.10-4 4790£282(HZ)  1.1+0.1 10.04+0.6
4372+2.57(LZ) 1.0+0.1 9.1+0.6
eno | 0.099 0.091 4.92+0.78 (HZ) 210+33 783 + 124
3.5240.52 (LZ) 150 +24 560+ 83
pep 0.343 0,316 2.7440.04 (HZ) 405+6 1510422
2.784+0.04 (LZ) 41146 1531422

TABLE 7.3: Energy efficiency &g and SSM expected number of solar neutrinos in the Rol.

Table 7.3 shows the expected number of solar neutrinos according to the HZ-SSM (B16-
GS98 [35]) and LZ-SSM (B16-AGSS09met [35]) for the selected phase and Rol, after the
TFC-cut. The fraction of events inside the energy Rol, including the trigger efficiency, is
called the energy efficiency &g here. The expected number of neutrino events is calculated as
the product of &g, detector live time, fiducial mass, TFC exposure (Table 7.2) and the SSM
expected neutrino rates. For the sum of CNO- and pep-neutrinos the expected HZ-SSM signal
to total ratio is NcNO+pep/2990 = 20.6 £0.8% for Phase 1 and NcNospep/5974 =38.4+£1.5%
for Phase 2+3.

7.2 Production of neutrino signal MC and background MC

The general G4BX2 production of the CID MC cos & histograms for the neutrino signal and
background events is described in Section 3.2. For the selected CNO-+pep-Vv Rol, again, 200
MC events are simulated for every single data event, each with the corresponding position of
the Sun and live PMT distribution.

The main background components are 2!°Bi, !'C and a smaller number of external y events.
The expected, relative contribution of the background species are ~ 31% for 2'Bi, ~ 58% for
'C and ~ 11% for the external ’s, according to the results of the Phase 2 spectroscopy [84],
scaled with the corresponding &g of the selected Rol. Both main background species >'°Bi
and ''C are simulated, to study a potential, energy dependent systematic uncertainty for a
uniformly distributed CID background in Section 7.6.4. As no relevant systematic differences
are found between the 2!°Bi and ''C events the background MC cos & histograms used for
the CNO+pep-V region is the sum of 2!°Bi and !'C. The external ¥ events are not uniformly
distributed in the FV, as they follow an exponential attenuation in the LS. For this reason
they could potentially exhibit a non-negligible systematic difference in their cos o¢ distribution
compared to the other background species. This systematic is studied by means of a toy-MC,
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as well as through the comparison of the full >!°Bi and ''C CID MC with a selection of pure
external y data events in Section 7.6.5. The full G4BX2 simulation of external y events is
time-prohibitive.

For the signal MC both CNO-v and pep-V events are simulated, as they have significantly
different neutrino energy distributions. The CNO-v spectrum is continuous, with an endpoint
energy of 1.74 MeV, while pep-neutrinos are mono-energetic at 1.44 MeV [41]. The impact
of the differences between the cos o histograms of CNO-v and pep-V is treated as a systematic
uncertainty and quantified in Section 7.6.6. For the "Be-v edge region of both Phase 1
and Phase 2+3 only the Be-neutrinos are simulated as the signal and only 2!°Bi events are
simulated for the background, as both are highly dominant relative to the other signal and
background species. The CID signal MC is produced for different values of gv y,, as described
in Section 6.2. It is not practical to perform the full G4BX2 simulation for every possible
gV, value, as it would take too much time. Instead only a small number of gv, values
are simulated with the full simulation chain and then used to produce the corresponding
signal cos o histograms. All other gv, dependent cos ¢ histograms are produced through
interpolation of these fully simulated cos o histograms. For the "Be-v edge region it is
found that a linear interpolation between only two histograms with gv, = —0.012nsm~! and
gv., = 0.228nsm™! is enough to reproduce the cos & histograms of the full MC chain, for all
gv,, values in between.

Linear ev, Extrapolation of cos o Histograms Quadratic v, Extrapolation of cos o Histograms
1.5 1.5
—+ True MC eV, = 0.228nsm™! —— True MC gv,, =0.228ns m’!
= L4 Extrapolated MC gv e 0.228nsm’! = e Extrapolated MC gv = 0.228ns m’!
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FIGURE 7.2: (a) Linear extrapolation of histogram with gv, = 0.228nsm~! from gv, =
—0.012nsm~', 0.108nsm ™! (red) compared to the full MC histogram (black): x> /ndf = 44.6/19.
Linear extrapolation of histogram with gv, = —0.012nsm ™! from gv, = 0.108nsm~!, 0.228 nsm ™!
(yellow) compared to the full MC histogram (blue): > /ndf =50.6/19. (b) Quadratic extrapolation
of histogram with gv, = 0.228nsm~! from gv,, = —0.012nsm~!, 0.108nsm~! (red) compared
to the full MC histogram (black): x2/ndf = 20.7/19. Quadratic extrapolation of histogram with
gvep = —0.012nsm~! from gvy, = 0.108nsm~", 0.228nsm™! (yellow) compared to the full MC
histogram (blue): x2/ndf = 18.4/19.

For the selected CNO+pep-v Rol this linear interpolation is not able to adequately re-
produce the cos & histograms of the full MC, as the larger electron energies at this Rol
produce a larger number of Cherenkov photons compared to the 'Be edge region. This
can be seen in Figure 7.2(a), where the signal cos o histograms are produced for three gv,,
values with gv, = —0.012nsm™!, gv, = 0.108nsm~! and gv,,, = 0.228nsm™!, using the
full MC chain. The true cos o histograms of gv, = 0.228nsm~! is shown black and for
gV, = —0.012nsm ! in blue. They are compared to the extrapolated histograms in red and
yellow, respectively. The extrapolation is performed with a linear fit of the cos & value for each
bin of the two histograms from the other gv, values. The true cos & histograms are signifi-
cantly different from the extrapolated histograms, with a > /ndf = 44.6/19, p-value = 8- 104
for gvy, = 0.228nsm~! and y?/ndf = 50.6/19, p-value = 1-10~* for gv, = —0.012nsm ..
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Figure 7.2(b) instead shows that using a quadratic fit between three gv,, values provides an
extrapolation that is in agreement with the full MC cos ¢ histograms. Using a set of four gv
values {—0.012nsm~!,0.068nsm~!,0.148nsm~!,0.228nsm ™'} to perform a quadratic fit
on the first three gv,;, values to extrapolate the last cos & histogram with gv,;, = 0.228nsm ™!
gives ¥%/ndf = 20.7/19, p-value = 0.35 and using the last three gv,,, values to extrapolate
the first cos o histogram with gv,;, = —0.012nsm~! gives y2/ndf = 18.4/19, p-value = 0.49.
This means that the underlying dependency of the neutrino signal cos & distribution on gv, is
approximated well by a quadratic function for the CNO+pep-V region.

The signal cos histograms for different values of the nuisance parameter Arg; are
produced from the linear interpolation between Arg;; = Ocm and Argj, = 6cm. As Argj, cannot
be calibrated and consequently cannot be constrained by a pull-term in the CID analysis the
performance of this method compared to the full MC does not matter. The parameter Argi,
is allowed to take any value, necessary to reproduce the cos & histograms of data with the
corresponding MC histograms, as good as possible.

7.3 Selection of the Nth-Hit cutoff and CID-histogram binning

Previously the Nth-Hit cutoff for the Phase 1 CID analysis at the "Be-v edge has been selected
conservatively as Nth-Hit(max) = 2. The reason for this is twofold:

1. The gv,, = (0.108 0.039) ns pull-term is measured with the “°K y-source for a cutoff
of Nth-Hit(max) = 3 and has been unclear how applicable this gv ;, value would be for
a very different Nth-Hit cutoff in the neutrino measurement.

2. The x? values between "Be-v and 2'°Bi MC cos « histograms, as a function of indi-
vidual Nth-Hits, have shown an unchanging, flat distribution starting from the fifth hit
to the tenth. This has been incorrectly interpreted, such that there is only Cherenkov
information until the fourth hits of the events. Values for Nth-Hit> 10 have not been
investigated and only a single set of nuisance values for gv,;, and Arg;; has been used.

For this reason the analysis has been performed on Nth-Hit(max) = 2 and the systematic
uncertainty from this choice has been estimated maximally conservative, as the absolute
difference between Nth-Hit(max) = 2 and Nth-Hit(max) = 3. The final goal of this CID
measurement is to maximise the sensitivity on the CNO-v rate, which makes it is necessary
to revisit the Nth-Hit(max) selection and perform a more sophisticated estimation of the
corresponding systematic uncertainties. The method for optimising the Nth-Hit cutoff is a
comparison of the x? values between the pure signal and background MC cos & histograms, as
a function of the individual Nth-Hits. For this toy-MC study both signal MC and background
MC cos « histograms are produced with the statistics of data for the relevant phase and Rol.
A x>-test is then calculated between the two histograms, independently for each selected
Nth-Hit and the x? is subtracted by the ndf (#Bins-1), i.e. the expected x? value for a perfect
statistical agreement between the signal and background.

Ax?=10"* :
x Z Z N(cos o;)s12nal + N (cos ;) back

i

104 (#Bins (N(COS al_)signal —N(COS ai)back)2

) — (#Bins — 1) (7.2)

Let N(cos ;) be the number of entries for the histogram bin i, out of a total number of bins
#Bins. Equation 7.2 then gives the value of the Cherenkov information as Ay? for each Nth-
Hit between the neutrino signal MC and background MC histograms, averaged over 10k toy
simulations. This calculation is now performed up to a Nth-Hit for which Ax? = 0 and beyond,
as Ax? = 0 means that signal and background events are indistinguishable, given the statistics
of data. The bigger the difference between signal and background MC is, the larger is Ay?
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value and the expected CID sensitivity. The benefit of this procedure is that the calculation of
Ax? is simple, as it does not depend on the full CID analysis with nuisance parameters. It gives
an estimate on how well neutrino signal and background can be distinguished. This toy-MC
study is performed for multiple sets of nuisance parameter values and the same method is also
used to optimise the cos o histogram binning again, as Phase 2+3 has not been investigated
previously.
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FIGURE 7.3: The toy-MC study of the Cherenkov information Ay as a function of the individual

Nth-Hit cos o histograms and the histogram binning, for Phase 2+3. The nominal MC Arg;; value and

gve, = 0.108ns m~! is shown in blue, an increased Arg;; value is shown in red and the nominal MC
Argir with a decreased gv, = 0.068ns m~! is shown in blue.

(a) Ax? vs. the Nth-Hits for the Be-V region.

(b) Ax? vs. cos o histogram binning for the "Be-Vv region.

(c) Ax? vs. the Nth-Hits for the CNO+pep-V region.

(d) Ax? vs. cos a histogram binning for the CNO+pep-V region.

Figure 7.3 shows the result of the Ay? toy-MC study for Phase 2+3. The corresponding
plots for Phase 1 can be found in the Appendix C.1. On the right Ay? is plotted as a function of
the number of histogram bins for the first hits of the events, while on the left Ay is plotted as
a function of the Nth-Hits of the events for histograms with 60 bins. The statistical uncertainty
on Ay? is about 0.7 and smaller than the plotted points. Three sets of gv,, are investigated: the
expected value of gv,;, = 0.108nsm~! from the y-calibration and the nominal MC value of
Argir for each Rol in black, an increased Arg;, and the same gv, value in red and a decreased
gvy, = 0.068ns m~! with the nominal Arg;, value in blue. As expected, the A)(z value shows
a decrease for later Nth-Hits. The first hits of events is highest for gv., = 0.108nsm™~! and
the nominal MC Ary;, value, while it is lowest for the gv , = 0.068 ns m~!. The lower Ven
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value consistently gives a lower Ay? until the fourth (third) hits of events for the CNO+pep-v
region ('Be-v edge), where both injected gv,;, values give the same Ay? within the statistical
uncertainty. This means that the direct information from Cherenkov hits is only relevant up
until Nth-Hit = 4. On the other hand the effect of an increased Aryg;; is clearly visible for the
high statistics "Be-v edge region of Phase 2+3. While the first hit gives still a larger Ay for
the nominal Ary;; value, already starting from the second hit the Ay? is larger for the increased
Argir value. Due to lower statistics this is less pronounced for the CNO+pep-V region, but it is
still visible.

The reason for this behaviour is that the parameter Arg; describes the influence of
Cherenkov hits on the position reconstruction, where the Cherenkov hits on the PMTs apply
a bias on the position reconstruction, towards the initial direction of the electron. All PMT
hits are ToF corrected on the reconstructed position of a given event. This means that the
cos  value of all PMT hits is indirectly influenced by the Cherenkov hits through the position
reconstruction. The lower Ay? value of the first hits of the events given by the larger Arg;; is
the effective decrease of the Cherenkov peak, due to an increase of the Arg;; induced negative
cos & slope. For later Nth-Hits this indirect Cherenkov information continues to influence the
scintillation hits and so there is still a Ay> > 0 until Nth-Hit~ 17. The total information given
by this indirect influence of the Cherenkov hits is given by the area under the Ay? histogram,
as the CID analysis sums up the 2 values of all Nth-Hits until Nth-Hit(max). Hence, it can be
estimated that the indirect Cherenkov information from the scintillation hits is smaller, but of
similar size as the Cherenkov information from the early, direct Cherenkov hits of the events.

The optimised value for Nth-Hit(max) is selected according to the condition of Ay? = 0,
where no difference between signal and background MC cos & histogram can be expected
anymore, given the statistics of data. For Phase 2+3 this is Nth-Hit(max) = 17 and for Phase 1
this is Nth-Hit(max) = 15, given that the true Arg;, value of data is unknown. These selections
are made by eye and as such are somewhat arbitrary. If the MC would perfectly reproduce data
it would in principle be possible to use every hit of the events (> 200 hits), as the CID analysis
summation of the y? profiles of the late hits > 17 would only contribute noise, effectively
adding only a constant to the summed x? profile. This cannot be guaranteed and even a
hypothetical systematic difference between the data background and the MC background, that
is negligible for the first ~ 20 hits of the events, could become significant if 200 hits are used
for the CID analysis. It is thus beneficial to select Nth-Hit(max) in such a way that all available
direct and indirect Cherenkov information is used, given an unknown true value of Arg;,. At the
same time it is reasonable to avoid adding too many hits without any Cherenkov information
(Ax* = 0), as they could potentially contribute a systematic uncertainty. Consequently, the
study of such a potential systematic uncertainty between the data background and the MC
background is performed in Section 7.6.5 for the selected Nth-Hit region. The systematic
impact of the somewhat arbitrary choice the Nth-Hit cutoff is studied in Section 7.6.1 for a
range of Nth-Hit(max) values around the nominal Nth-Hit(max) selection.

Looking at the binning optimisation, for both the "Be-v edge region in Figure 7.3(a) (top)
and the CNO+pep-V region 7.3(c) (bottom), the Ay? increases as the number of histograms
bins increases and saturates to a constant value at ~ 30 bins. For less than 20 bins there are
structures in the graphs that are larger than the uncertainty on the averaged Ay?, indicating a
strong dependence of the signal cos & shape on the exact number of bins for < 20 bins. For
v, = 0.108ns m~! and the nominal Argi; MC value the shown A)(z values are the highest,
while it is lower for the increased Arg;; and lowest for gv, = 0.068ns m~!. This is as expected
for the first hits of the events, because an increase in Arg;; means a large negative slope, which
effectively decreases the Cherenkov peak at cos o ~ 0.7, without changing the number of
Cherenkov hits. Here, gv,, = 0.068nsm ™! gives the least number of Cherenkov hits so the
corresponding Ay? values are also the smallest. To optimise the selection of the number of
cos o histogram bins the Ay? must be maximised. This is the case for any number of bins
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> 30, independent of the Rol and the exact value of gv, and Arg;,. Here, a number of 60 bins
is chosen for the main CID analysis, for both Phase 1 and Phase 2+3 and for both the "Be-v
edge region and CNO+pep-V region. A possible systematic uncertainty from this choice of
binning is investigated in Section 7.6.1. Table 7.4 summarises the selection of Nth-Hit(max)
and cos & histogram binning, which are the same for the "Be-v edge region and CNO+pep-v
region for a given phase.

Nth-Hit(max) Binning
Phase 1 15 60
Phase 2+3 17 60

TABLE 7.4: Optimised selection of Nth-Hit and cos & histogram binning.

7.4 PMT selection and correction of the relative PMT time offset

geo

1 Hits on PMT’s for Phase 2+3 Be Region Selected N for Hit Time Fit
800~ B — Phase 1

- —_ Data 2501~
7001~ "Be MC B

£ 600|- g 200
CRNN ) w7
|0 ~ 150
B B ©n n
Z 400 ,g E
T 300 G 1001
200 B
50~

100

[ | | | | |
00 500 1000 1500 2000 350 400 450 500 550 600 650 700
PMT Number N5

(a) (b)

FIGURE 7.4: (a) The number of the first hits of the events on a given PMT, for the "Be-V region of

Phase 2+3. data (black) shows over-selected PMT peaks, while the "Be-v MC (red), normalised to

data statistics, shows a relatively flat distribution. (b) The distribution of N£*° for the TFC-tagged ''C
data events used for the production of the PMT hit time distributions.

A major systematic difference between the CID data and the MC has been identified as
the over-selection of some PMTs for early hits in data. This can be seen in Figure 7.4(a) for
the "Be-V region of Phase 2+3, where the comparison to MC clearly shows some data PMTs
show peaks for the number of detected first hits of the events.

Previously, this systematic difference has been corrected by selecting PMTs based on a
statistical argument, where the distribution of first hits of the events on the PMTs is compared
between data and MC. If the number of detected first hits on a data PMT is outside of the
expected Poissonian 68.3% CI of the corresponding MC PMT, then the hits on this PMT are
ignored for the production of the cos ¢ histogram of data and MC; the PMT is deselected.
This is explained in Section 6.4 and the method is by design a conservative approach that
likely deselects too many non-misbehaving PMTs. The reason for this conservatism is that
the initial "Be-v CID measurement has been used to study the principal feasibility of CID
and all methods and uncertainty estimations have been maximally conservative. Here on the
other hand the goal is perform a CID measurement of CNO-neutrinos with a reasonably high
sensitivity, i.e. without being maximally conservative at every step of the analysis. For this
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reason a better method to deselect the misbehaving PMTs is presented in this section, based
on the PMT hit time distributions of the separate PMTs.

The underlying cause for the over-selection (and under-selection) of the first hits of events
for some PMTs, as seen in Figure 7.4(a), is the time behaviour of those individual PMTs
relative to the other PMTs. This effect has already been noticed in Chapter 4, where some
PMTs have shown a run to run time misbehaviour as well as a statistically significant, relative
time offset between the PMTs. There the analysis is based on the PMT hit time distributions
of the 2'*Po calibration source events. The calibration campaign has been performed only
at the end of Phase 1 and only for specific source positions for a number of calibration runs
close in time. Furthermore, these 2!4Po-source studies have been produced with a known
source position and without the ToF correction, precisely because there the effective refractive
index, necessary for the ToF correction, has been measured for the purpose of the CID
analysis. As the Nth-Hit definition for the production of the CID cos ¢ histograms relies
on the reconstructed position and ToF correction this means that effectively the PMT time
misbehaviour and relative time offset between the hit time distributions of the PMTs could
also rely on the performance of the position reconstruction algorithm and ToF correction itself.
It is therefore not clear if a PMT selection based on the results from Section 4.5 is applicable
to Phase 2+3, or even to the entirety Phase 1.

Thus, in this section the ToF corrected hit time distributions of each individual PMT are
investigated using '!C-tagged data events !, separately for Phase 1, Phase 2 and Phase 3. The
events are selected within 350 < N}‘gleo < 700, 'C-tagged and within the CNO+pep-V region
FV for each phase (Phase 1: R < 3.05m, Phase 2: R < 2.95m, Phase 3: R < 2.95m). The
reason for this selection is that !'C is produced uniformly throughout the detector and has
a reasonably large number of events and at the same time a large number of PMT hits per
event in the selected Rol. Additionally, the !!C-tagged data is independent from the ''C-cut
data of the CNO CID analysis, excluding potential systematic correlations between the PMT
selection and the CID analysis.

Figure 7.4(b) shows the Nﬁeo distribution of !'C-tagged data events in the corresponding
Rol for each phase. Phase 1 has 20270 ! C-tagged events, Phase 2 has 42769 events and Phase
3 has 47932 events. The average number of PMT hits per event is (N{°°) ~ 500. The ToF
corrected hit time #-distribution of each individual PMT is produced for each phase separately,
according to the definition of Equation 3.7. The reason to look at the z-distribution separately
for each phase is shown in Figure 7.5(a), exemplary for PMT No. 1006. For this particular
PMT the ¢-distribution of Phase 3 is significantly different compared to Phase 1 and Phase 2,
which is not the case for most other PMTs, which show a time behaviour that is comparable
between all phases. The ¢-distributions are fitted with a bi-exponentially modified Gaussian
distribution similar, but less complex than Equation 4.2. The fit function f(¢) is defined here

as:
f(t) =A, A8 e (\2 (:_t;u» .

2 11— J—
Ay e%(5> "% erfe <1 <G—t N>>
V2 \» c

Where ¢ is the ToF corrected hit time, "erfc" is the complementary error function (erfc(x) =
1 —erf(x)), A, Ay are the amplitudes, 7|, 7, are the exponential time constants and i and &
are the Gaussian mean and standard deviation, respectively. The test statistic used to fit these

(7.3)

I'The low energy '“C events have also been investigated, but have been found to be unusable for this analysis.

The position reconstruction uncertainty is too large, given the number of PMT hits of Ngeo < 160.
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parameters is the likelihood-ratio Aj g, defined as follows:

1 —f(t,') ti d; *didfii
Mg =-2Y [log ("’d]:()> “log (e - )] (7.4)

Where the PMT hit time distribution is given as a histogram with a binning of 1 ns from i =0,
to I = 55. The number of data entries in each bin i is given by d;, whereas the number of
expected entries is given by the function value f(7;) of Equation 7.3. The likelihood-ratio
ALR is then the sum of the logarithm of the Poissonian likelihood for each bin. The constant
likelihood, where d; is assumed to be its own expected value is subtracted to make A; g more
comparable to a Gaussian x> value.
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FIGURE 7.5: (a) The normalised hit time distribution of the same PMT No. 1006 for Phase 1 (black),

Phase 2 (blue) and Phase 3 (red) as an example that time behaviour of individual PMTs can change

drastically over time. (b) Example of the PMT hit time distribution fit for the misbehaving PMT No.

693 in Phase 2. The data hits (black) are fitted with the bi-exponentially modified Gaussian distribution

(yellow) and the resulting confidence intervals are shown in shades of red. For comparison the best fit
distribution of a normal PMT is also shown (blue).

An example of the fit is given in Figure 7.5(b), where for Phase 2 the hit time distribution
of PMT No. 693 is shown in black, with the corresponding best fit in yellow and the 68.3%
(10), 95.9% (20) confidence intervals in shades of red. It can be seen that some data points are
outliers, but the overall Arr /ndf = 1.9 is not intolerably large. For the purpose of illustration
the best fit result of the normal PMT No. 1735 is also shown in blue. In this case "normal"
means that the best fit parameter values of PMT No. 1735 are distributed similar to the bulk
of the best fit values of all PMTs. It can be seen that PMT No. 1735 and 693 have a clearly
different hit time distribution and that PMT No. 693 gets over-selected for the first hits of
an event, not because it sees more Cherenkov hits, but because the ToF corrected PMT hit
time distribution is much broader and contributes more hits at earlier times compared to most
other PMTs. Thus, under the assumptions that most PMTs in data behave comparably to the
PMTs simulated in MC it is possible to deselect individual PMTs if they show a ToF corrected
hit time distribution significantly different from the bulk of the PMTs. Correspondingly, the
deselection of misbehaving PMTs is based on the distribution of the best fit parameters from
Equation 7.3 and is performed as follows:

1. Produce and fit the ToF corrected hit time ¢-distributions for each PMT.

2. Plot the distribution of the best fit results of (a) A; g /ndf, (b) , (c) the corresponding fit
uncertainty Ay, (d) o, and (e) the early hits over total ratio, where early hits are defined
ast < u —20. This ratio is chosen because it is sensitive to distributions which are to
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broad or have a hit time distribution at early times that is not well explained by the fit
function.

3. Deselect PMTs which have outlying best fit result compared to the bulk of the PMTs for
any of the above mentioned parameters. The u cut values are to deselect PMTs outside
of +1 ns around the average of the bulk distribution (u), i.e. a Gaussian fit of the u
distribution, while explicitly excluding outliers. The values are (i )(Phase 1) =35.34ns
(u)(Phase 2) = 35.32ns and (i )(Phase 3) = 35.33 ns each with a statistical uncertainty
of 0.01ns. The other cut values are the same for all phases: deselect PMTs with
Au > 0.3ns, ALg /ndf > 2, or early hits over total ratio with values larger than 0.015.

4. Fix o in the fitting algorithm to the peak value of the distribution of only the selected
PMTs. These fixed values are (o)(Phase 1) = 1.808ns, (o)(Phase 2) = 1.840ns and
(o) (Phase 3) = 1.842ns, each with a statistical uncertainty of 0.006 ns.

5. Perform the fit and PMT selection again, now with the fixed o value. This is done to
improve the selection power of Ay r /ndf, where misbehaving PMTs give larger, best fit
ALR values as their hit time distribution shape cannot be accommodated by the fit with
the fixed o value. For example the fit of PMT No. 693 in Phase 2 gives A; g /ndf = 1.9
with a free ¢ parameter and A g /ndf = 3.8 with the fixed value.

Figure 7.6 shows an example of the fit parameter distributions used for the PMT deselection
in Phase 2. The black histograms show the distribution of the parameters for all PMTs, before
any deselection and the red histograms show the distribution of the parameters after fixing
o in the fit and after the PMT deselection. The distribution of u in Figure 7.6(a) shows
the bulk of the PMTs around 35.3 ns and this value is the same within the statistics for all
phases, which is a good sign that the collective hit time behaviour of most PMTs stays stable
between the phases. It can be seen that there are some PMTs with outlying u values, which
are deselected. The same is true for the other plots of the A, A;r/ndf and early hits over
total ratio distributions. The A; g /ndf values of the PMTs are shifted to slightly higher values
after the cut on parameters, i.e. after fixing ©.

The effective result of this hit time distribution based deselection of PMTs is shown in
Figure 7.7 for Phase 2. The distribution of PMTs with a certain number of first hits of the
events is shown for the data without the deselected PMTs in black and for data with the
PMT deselection in red. The data without deselected PMTs has PMTs with up to 286 first
hits and the bulk is shifted to smaller numbers compared the distribution of data after the
PMT deselection. This is compared the expected distribution according to MC in blue. The
expectation is produced by normalising the number of MC events to the statistics of data (as
in Figure7.4(a)) and applying a Poissonian smearing around the expected number of first hits.

After the PMT deselection the data is in good agreement with the MC expected distribution.
The corresponding plots for Phase 1 and Phase 3 are in the Appendix C.2, where the data is
also in good agreement with the MC expectation after the PMT deselection.

Method of PMT selection | Phase 1 #PMTs Phase 2 #PMTs Phase 3 #PMTs
First hit statistics 1432 1326 975
C hit time distribution 1678 1499 1121

TABLE 7.5: Number of selected PMTs for the two different methods of PMT selection.

Table 7.5 compares the numbers of selected PMTs for both methods of PMT deselection,
the statistical deselection of Section 6.4 and the method based on the hit time distribution of
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FIGURE 7.7: Distribution of the number of first
hits of the events on the PMTs for the "Be-V region
of Phase 2. The data without a PMT deselection
(black) has PMTs with up to 286 first hits. The
comparison of the data with the PMT deselection
(red) and the expected distribution from MC (blue)

(a) Distribution of the Gaussian mean value .

(b) Distribution of the fit uncertainty on the Gaussian mean value AUL.

(c) Distribution of the early hits (r < u —20) over total ratio.

(d) Distribution of the best fit negative log-likelihood A g results.

show a good agreement.

Phase 2 Distribution of PMTs with a Number of 1% Hits of Events

10 — Data without PMT desele

— Normalised MC expecta

Number of PMTs
>

—_
T

Il

Data with PMT deselection

ction

tion

| | L L
30 40 50 60 70
1" Hits of Events at PMT

I
10 20 80 9

L
0 100



7.4. PMT selection and correction of the relative PMT time offset 123

Phase 2+3 Expected Uncertainty on N
CNO+pep

s20F ’

CNO+pep

27 siof- § FIGURE 7.8: Toy-MC estimated uncertainty on the
g r NcNo+pep analysis of Phase 2+3 for a number of ad-
‘E sool- ¢ ditionally deselected PMTs. The nominal selection
;‘S i of PMTs from this section is given as N = 0.
S 00l

e

Ll I I I I I I I I
40 60 80 100 120 140 160 180 200

Deselect N Additional PMTs

this section. The latter keeps more PMTs selected and thus gives a higher expected sensitivity,
under the assumption that all misbehaving PMTs are deselected.

The dependence on the statistical uncertainty of the CID analysis is shown in Figure 7.8
for the fit of NcNo+pep in Phase2+3. Here, 1000 toy-MC samples have been produced with a
simulated value of Ncno+pep = 2293 events out of 5974 according to the HZ expectation. The
nuisance parameters are simulated as gv, = 0.108ns and Argi; = 2.7 cm. The toy-analyses
are performed with the selections for the nominal data analysis of Nth-Hit = 17 and 60 bins
for the cos & histograms. The PMTs used in the cos & histograms production are selected by
the hit time distribution method of this section and additional PMTs have been deselected by
further constraining the cut values of the fit parameters. Deselecting additional PMTs increases
the statistical uncertainty, where the nominal PMT selection gives an expected uncertainty
of ~ 480 and each additional deselected PMT increases the uncertainty by about ~ 0.2
(~ 0.09%). This is because the signal neutrino MC and background MC cos o histograms are
looking more similar to each other for a lower number of selected PMTs.

Although here the selection of the PMTs is based on the underlying hit time distribution,
instead of just statistical arguments, the cut values of the parameters are still selected somewhat
arbitrary. There is no a-priori reason to select £1.0ns around (u) instead of +1.2ns for
example. For this reason Section 7.6.2 has a dedicated study of the PMT selection systematic
uncertainty, where additional PMTs are deselected in the same way as above, to see whether a
significant change of the data CID analysis results occurs.

Relative PMT time offset correction

The fit parameter p shows a certain distribution around a central value (u). It is shown in the
following that the u distribution of data cannot be explained from the statistical uncertainty of
the PMT hit time distribution fit itself, but rather that the PMTs have effectively a constant
offset relative to each other. For this the !'C MC PMT hit time distributions are fitted in the
same way as data, where the MC PMT hit time distribution is reduced to the statistics of the
corresponding data PMT for each phase. The MC analysis is not used to deselect PMTs but
the same PMT selection is applied as on data. Figure 7.9(a) shows the resulting PMT hit time
fit parameter distribution of the fit uncertainty Ay between data in black and MC in red, for
the sum of all phases. Both Au distributions of data and MC show a similar shape, where
a double peak structure with an exponential tail is visible. The peak at smaller Ay values
comes from Phase 2 and Phase 3 which have higher event statistics compared to Phase 1 and
therefore produce smaller uncertainties. The exponential tail likely comes from the different
hit statistic on the PMTs, stemming from the difference in quantum efficiencies and spatial
distribution of the PMTs, as well as the presence of a light collecting cone.

The fit procedure results in a reasonable agreement between the data and the MC for the
uncertainty Au. Figure 7.9(b) on the other hand shows a significant difference between the
data and the MC for the u distribution around the central value (i), in units of the uncertainty
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FIGURE 7.9: (a) Distribution of the fit uncertainty Aut for data in black and for MC normalised to data
statistics in red. The results of Phase 1, Phase 2 and Phase 3 are summed up. (b) Distribution of the
best fit time mean values around the average of all mean values (¢ — (tt)) in units of fit uncertainty AuL.
The MC (red) has a standard deviation of 1.0, while the data (black) has a standard deviation of 4.7.

Apu. Here, PMTs with and without light collecting cone are plotted relative to their own central
value. If the value of u around the central value is only smeared by the statistical uncertainty
of the fit, then the (1 — (u))/Au distribution should have a standard deviation of 1.0. This is
the case for the MC, which means that the fit procedure itself behaves correctly, as it is known
that MC has no systematic differences of the time behaviour between the PMTs. For the data
on the other hand the distribution has a standard deviation of 4.7, which corresponds here
to 0.3ns. It is not possible that the data standard deviation of u is systematically increased
by the fit procedure itself, as the fit is performed the same way for the data and the MC. The
only explanation is then, that the data PMTs show an effective constant time offset relative to
each other. This has also been the case for the measurement of the effective refractive index
in Section 4.5, but in this !'C analysis the ToF correction on the reconstructed position is
explicitly included in the same way as for the production of the CID cos & histograms. This
should be a better estimation, as it includes the effective detector response throughout the full
data taking time of the respective phase, instead of just a small number of calibration source
runs close in time.

The origin of the relative time offset between the PMTs is not known. It could be from
a small, systematic misalignment of the PMT laser calibration system [97], differences in
the PMT rise time and also an effect of the position reconstruction, which is known to be
asymmetric in data (see. Section 4.5.3). It could be a combination of any of those and other
effects, but ultimately the origin of this relative time offset between the data PMTs is not
important. It is only important that the data and the MC behave systematically different, as this
systematic difference translates into a difference between the data and MC cos & histograms,
which depend on the relative hit times between the PMTs. Consequently, the relative, constant
time offset (1 — (u)) of the data PMTs should be corrected. This correction introduces a
separate systematic uncertainty which is studied in Section 7.6.3, as (1 — (i) ) is only known
with an uncertainty Ag.

The last thing that has to be noted here is that (1 — (u)) is calculated on ''C tagged events,
which are positron events. The neutrino signal used in the CID analysis comes from the
neutrino recoil electrons. This difference is not a problem because only the relative, constant
time differences between each PMT are relevant for the calculation of the Nth-Hit value. This
is the case here as the hit time distributions are produced from the same ''C tagged events
for each and every PMT. The absolute time differences between different event species are
not important for the Nth-Hit variable, as each event provides a cos ¢ value for every Nth-Hit,
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independently from all other events.

7.5 Measurement of Ncno+pep Without systematic uncertainties

In the following section the full analysis chain for the measurement of the number of CNO+pep-
neutrinos NcNo+pep 18 performed for a first time. This is done without including the various
systematic effects and uncertainties, as to explain the analysis procedure.

First, the calibration of the effective Cherenkov group velocity correction gv, is performed
for Phase 1 and Phase 2+3 on their respective 'Be-v edge region. By applying a pull-term
on the expected number of solar neutrinos N, and treating them as a nuisance parameter it is
then possible to produce a y2-profile for gv,,,. The two x>-profiles for Phase 1 and Phase 2+3
represent an effective calibration of gv,, which could include unknown systematic differences
between Phase 1 and Phase 243 and as such they are then used independently to constrain
gV, for the measurement of Nenospep Of Phase 1 and Phase 2+3.

All cos o histograms used in the CID analyses are produced with the PMT selection and
time offset correction (i (PMT) — (u)) described in the previous Section 7.4, but without the
systematic uncertainty from Ay (PMT). In this section only the plots for Phase 2+3 are shown
due to their higher statistics, while the corresponding plots of Phase 1 can be found in the
Appendix C.3.

7.5.1 Calibration of gv,, at the 'Be-v edge region

The CID analysis of the "Be-v edge region is used to calibrate the effective group velocity
correction gv,, in this section. The selection of the data events in the FV and Rol, as well as
the production of the CID MC for the "Be-v signal and >'°Bi background is described in the
previous Section 6.1. Phase 1 has Nita1 = 19904 and Phase 2+3 has N1 = 58728 selected
data events at the Be-Vv edge region.

ngvch (NV7 gVch» Ar‘dir) = Z
n= i

L

norm - M +norm? - M?

Nth-Hit(max) [ ( (norm - M — D’.’)2
l 1
1

> —2In(P(Ny))
(7.5)

ngvch (gvch) = arg min [ngvch (NV7 2Vch> Ardir)i|

v Argir

The x2-test statistic for the calibration of gv,, is given by Equation 7.5. Here, I = 60
is the selected binning for the cos @ histograms and the selected number of Nth-Hits until
the analysis is performed is Nth-Hit(max) = 15 for Phase 1 and Nth-Hit(max) = 17 for Phase
2+3. The number of histogram entries at the cos & bin i of the Nth-Hit = »n is given by D/
and M} for data and MC, respectively, where "norm" is the scaling factor between the MC
and data event statistics. The term "norm? -M"" in the denominator takes into account the
finite statistics of MC. The number of solar neutrinos &, are constrained according to the
distribution P(Ny) from the SSM expected values and their corresponding uncertainties. It
is then possible to produce the x2(gv,,) profile by treating Ny, and the mis-reconstruction in
direction Aryg;, as the nuisance parameters, where for each given gv,, the three dimensional
%gvch (Ny, gV, Argir) is minimised over Ny, and Argj;.

Table 7.6 lists the HZ-SSM and LZ-SSM expected number of solar neutrino events for
Phase 1 and Phase 2+3 according to their respective FV and selected energy region at the 'Be
-v edge. Here, the MLP-cut is applied, but no TFC-cut. Using these numbers Figure 7.10
then shows the allowed probability distributions P(N, ) for Phase 1 on the left and Phase
243 on the right. The SSM uncertainty is assumed to be Gaussian and the HZ and LZ
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FIGURE 7.10: Different possible distributions for the allowed number of neutrino events, used as
a pull-term for the gv, calibration. Blue: Normalised sum of the LZ-SSM and HZ-SSM expected
values of "Be + pep + CNO-neutrinos. Black: LZ-SSM and HZ-SSM expected values of 'Be + pep,
where CNO is left free. Red: The LZ-SSM and HZ-SSM expected values of 'Be + pep, where CNO is
uniformly distributed between zero and the upper 5o confidence level of HZ-SSM. This is the selected
distribution for the pull-term on the gv,, calibration. (a) For Phase 1. (b) For Phase 243.

Nge. (HZ) Nige (LZ) Npep HZ)  Npep (LZ)  Neno (HZ)
Phase 1 9059 £ 530 8264 +473 42316 42916 705+112
Phase 2+3 | 41146 £2405 37555+2208 1958+£29 1986+£29 33424530

TABLE 7.6: Expected number of solar neutrinos at 'Be-v edge region for Phase 1 and Phase 2+3. The
total number of data events is 19904 for Phase 1 and 58728 for Phase 2+3.

expectations are treated as equally likely, by summing up their respective distributions and
then normalising the summed distribution. This creates the blue distributions for the expected
number of solar neutrino events. These distributions are not used as a pull-term for the gv
calibration, because it makes an explicit assumption about the possible number of CNO-v
events, which later could introduce a bias for the CID measurement of CNO-v with a pep-v
constraint. Instead two other options are presented in black and red. For the black distribution
the number of CNO-vV events is left entirely free from zero to the total number of measured
data events and for the red distribution the number of CNO-v events is constrained from zero
to a value corresponding to the upper 5o confidence level of the HZ-SSM. This means that the
distribution of Ny, pep is convoluted with a flat distribution of 0 < Neno < Niotal — Nge tpep
for the black distribution and 0 < Neno (Phase 1) < 1265, 0 < Neno (Phase 2+3) < 5992 for
the red distribution of Phase 1 and Phase 2+3, respectively. This red distribution is then
used as the actual P(N,) constraint on the number of expected neutrino events, because it
is a tighter constraint than leaving the CNO-v rate entirely free, while at the same time it is
very unlikely to introduce a bias that could affect the CID measurement of CNO-v with a
pep-V constraint later on. An important note is that these distributions explicitly include the
statistical uncertainty on the expected number of neutrinos and not only the SSM uncertainty.

Performing the gv,;, calibration according to Equation 7.5 produces the Ax?(gv,) profile
shown in Figure 7.11(a) for Phase 2+3. The best fit value is gv, = (0.089 £0.018)nsm™!,
where the uncertainty is estimated from Ay?(gv,,) = 1, corresponding to a Gaussian
68.3% (10) CI. This value is in agreement with the results of the 7y calibration sources
of gv., = (0.108 £0.039) nsm ™! (see Chapter 5), even though both calibration methods and
Nth-Hit(max) selection are very different. Overall, the best fit MC cos o histogram is able to
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FIGURE 7.11: (a) Resulting Ay*(gv,,) profile of Phase 2+3, with x2/ndf = 1036.3/1017,

p-value = 0.33. The best fit value is gv,, = (0.089+0.018)nsm~!. (b) The x? corresponding p-

values of each individual Nth-Hit cos & histogram between data and MC. The MC histograms are

not fitted individually on data, but use the best fit results of the full Nth-Hit(max) = 17 analysis. The

p-values are calculated for a number of bins of 60 (black) and 20 (red). The dotted lines correspond to
p-value = 0.32 andp-value = 0.05.

explain data well, with an absolute y2/ndf = 1036.3/1017, p-value = 0.33. Using the best fit
results of the analysis with 60 bins per histogram and reducing the number of bins to 20 gives
x% /ndf = 336.4/337, p-value = 0.50, which also shows a good agreement between data and
MC. If there would be large scale structures in the cos ¢ histograms that are systematically
different for data and MC, then a binning of 60 could potentially hide those due to lower
statistics per bin, but this is not the case here.

For the same reason, the corresponding, combined p-value of 17 cos ¢ histograms with 60
bins each could mask a potential difference between data and MC for the cos ¢ histograms
at the individual Nth-Hits. Figure 7.11(b) shows the ) corresponding p-values for each
individual cos ¢ histogram at a given Nth-Hit for a binning of 60 in black and 20 in red.
This is not an independent analysis of each individual Nth-Hit, but it is using the best fit
results of the full Nth-Hit(max) = 17 analysis. The dotted lines represent p-value = 0.32 and
p-value = 0.05. The number of points with p-value < 0.32 is six and zero with p-value < 0.003
out of 17, for both 60 bins and 20 bins histograms. This means that no single cos o histogram
is significantly different between data and MC and the overall goodness of fit performance is
satisfactory, as statistically about 5.4 values with p-value < 0.32 are expected, while six are
realised.

It is not easy possible to give an intuitive, graphical understanding of the fit performance
by showing all 17 histograms with 60 bins each. For this reason Figure 7.12 instead shows the
sum of the early Nth-Hits and late Nth-Hits cos & histograms, with 10 bins each. On the left
the sum of the first to fourth Nth-Hits is shown and on the right the sum of the fifth to 17"
Nth-Hits. The data is shown in black, while the best fit MC is shown in red. For comparison,
the pure background MC is shown in blue. In the early hits the Cherenkov peak is clearly
visible for cos & ~ 0.7, as well as the second peak with a negative slope for —1 < cos o < 0.0.
This second peak comes from the effect of Aryi;, as explained in Section 6.2.1 and it is also
clearly visible for the later Nth-Hits on the right side. This shows that the optimised selection
of Nth-Hit(max) is able to use the indirect Cherenkov information of late Nth-Hits through
Argir, to provide a non-negligible sensitivity for the CID analysis, even though no peak from
direct Cherenkov hits is visible. The shape of the background cos ¢ histograms is defined
by the position distribution of the selected, live PMTS. The goodness of fit performance and
observations on the cos & shape are qualitatively also true for Phase 1, whose plots can be
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FIGURE 7.12: Summed cos & histograms of the Phase 2+3 "Be region used for the gv,;, calibration.

data is shown in black, pure 2!°Bi background MC in blue and in red the best fit MC histogram with

gve, = 0.089nsm~!, N, = 40663 fitted signal events and 18065 background events out of 58728

events in total. (a) The sum of the first to fourth Nth-Hits. The peak of direct Cherenkov hits is visible

around cos o ~ 0.7. (b) The sum of the fifth to 17" Nth-Hits. The negative cos & slope of neutrino

events due to Argiy = 1.66cm is visible in data. The non-flat cos & shape of the MC background comes
from the distribution of selected, live PMTs.

found in Appendix C.3.

Table 7.7 summarises the results of the gv,, calibration at the "Be-v edge region. Compar-
ing the Phase 1 result of gv,;,(Phase 1) = (0.138 £0.028) nsm~! with the result gv,;, (y-calib.)
= (0.10840.039)nsm~! from the y sources shows that they are in agreement with 0.60,
while the comparison between the Phase 1 and the Phase 2+3 results gives a difference of
1.50.

X% /ndf p-value gvy [nsm™1] N,
Phase 1 868.3/897 0.75 0.138+0.028 9400
Phase 243 | 1036.3/1017  0.33 0.089+£0.018 40663

TABLE 7.7: Results of the gv , CID calibration without systematic uncertainties. The total number of
data events is 19904 for Phase 1 and 58728 for Phase 2+3.

The gv,, parameter and its calibration can be considered a robust estimation of the
underlying Cherenkov photon properties that are systematically different between data and
MC. The calibration at the "Be-v edge has good p-values for the full analysis and for each
individual Nth-Hit, meaning that the MC model is able to correctly reproduce the cos o shape
of data. In total, the three independent gv,;, measurements of Phase 1, Phase 243 and on the y
sources give agreeable results, even for the drastically different analysis method between the
CID approach and the 7y sources, as well as the different selection of Nth-Hit(max) between
Phase 1 and Phase 2+3. Due to the 1.50 difference of the Phase 1 and Phase 2+3 results
a conservative approach is taken in the following CID analysis of the CNO+pep-V energy
region, where gv  is constrained only by the results of the corresponding phase and not by
the weighted average of all gv, measurements. This approach keeps the statistical uncertainty
higher than it would be for a combined gv, pull-term, but it can potentially account for small,
systematic differences in gv,,, between Phase 1 and Phase 243, should they exist.
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7.5.2 Measurement of NcNO+pep

Nth-Hit(max) [ ( (norm - M?' — D’.’)z
l !

2
NCNO+peps 8Vehs Ardir) =
2 pep: €Veh Arair) n; &~ \ norm - M 4 norm? - M?

) + Ax;vch (gvch)

(7.6)

x\% (N CNO+pep) = argmin [X\% (N CNO+peps EVch» Ar, dir)]
EVeh Ardir

The CID analysis of NcNo+pep 18 performed using the optimised Rol selection from Section 7.1.
Phase 1 has Niota1 = 2990 and Phase 243 has Ny = 5974 selected data events in the CNO+pep-
v Rol and FV. A y?-test statistic is used to compare the data and MC cos ¢ histograms, as
shown in Equation 7.6.

The selected binning for the histograms is / = 60 and the selected number of Nth-Hits
until the analysis is performed is Nth-Hit(max) = 15 for Phase 1 and Nth-Hit(max) = 17 for
Phase 2+3. The number of entries at the cos & bin i of the n™ hits of the events is given by D'*?
and M;' for data and MC, respectively, where "norm" is the scaling factor between the MC and
data event statistic. The term "norm?- M" in the denominator takes into account the finite
statistics of MC. The value of gv, is constrained using the Axgvch (gv,,) profile, produced
from the CID analysis at the "Be-v edge region in the previous section. By treating gv,,, and
Argir as nuisance parameters, the three dimensional x\% (NCN0+pep, gVen, Ardir) is minimised
over gv,;,, Argi to a one dimensional 2 (NcNo+pep) profile.
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FIGURE 7.13: (a) Resulting Ax?(Ncnospep) profile of Phase 2+3, with x?/ndf = 1000.5/1017,

p-value = 0.64. The best fit value is NeNo+pep = 27701%? out of 5974 events. The red and blue bands

represents the 68.3% CI of the SSM expectations of HZ and LZ, respectively. (b) The 2 corresponding

p-values of each individual Nth-Hit cos & histogram between data and MC. The MC histograms are

not fitted individually on data, but use the best fit results of the full Nth-Hit(max) = 17 analysis. The

p-values are calculated for a number of bins of 60 (black) and 20 (red). The dotted lines correspond to
p-value = 0.32 and p-value = 0.05.

The sz(NCNoerep) profile of this CID analysis is shown in Figure 7.13(a) for Phase 2+3.
The best fit value is NcNO+pep = 2770:515 out of 5974 total events, where the uncertainty
is estimated from Ay?(gv,,) = %1, corresponding to a Gaussian equivalent 68.3% (1) CI.
This best fit NcnO+pep 18 Well in agreement with the HZ-SSM (N(I;%o +pep — 2293 + 125) with
20.90 difference, while The LZ-SSM (N, pep = 2092 + 85) has a difference of 1.40. The

no-neutrino hypothesis can be excluded with Ay? = 34.8, > 5. The best fit parameters

2The continuity correction for the Gaussian approximation of the Poisson distribution (D} 40.5) does not
impact the results, as the expected entries per bin are about 50 and 100 for Phase 1 and Phase 2+3, respectively.
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provide a ¥?/ndf = 1000.5/1017, p-value = 0.64 and reducing the number of bins to 20 for
the same best fit results gives ¥ /ndf = 331.2/337, p-value = 0.58. There is a good agreement
between data and MC, but these values of )(2 /ndf < 1 could be an indication of some sort of
small, but not critical overfitting. It is possible that here the uncertainty from the bin statistics
is relatively large compared to the model differences between MC histograms with different
gV, Argir values.

Figure 7.13(b) shows the ¥ corresponding p-values for each individual cos ¢ histogram
for a given Nth-Hit with a binning of 60 and 20 in black and red, respectively. These
values are calculated with the best fit results of the CID Ncnospep analysis using 60 bins
and Nth-Hit(max) = 17. The dotted lines represent p-value = 0.32 and p-value = 0.05. The
number of p-values < 0.32 is six and there are zero p-values < 0.003, for both histogram
binning selections. The early Nth-Hits < 5 in particular have large p-values, independently
from the later Nth-Hits. Thus, the observation of y?/ndf < 1 is not driven by noisy, late
Nth-Hits, which are expected to have only small Cherenkov hit features. This is good, because
it means that the gv ,, Arg;; parameters that govern the MC cos o shape are likely not strongly
influenced by random fluctuations in data of late Nth-Hits. The overall goodness of fit
performance is satisfactory, meaning that the CID MC model is well able to describe the data.

Phase 2+3, CNO+pep Region, 1" to 4™ Hits of Events Phase 2+3, CNO+pep Region, 5" to 17" Hits of Events
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FIGURE 7.14: (a) Summed cos & histograms of the Phase 2+3 CNO+pep-V region. data is shown in

black, pure MC background in blue and in red the best fit MC histogram with N, = 2770 fitted signal

events, 3204 fitted background events out of 5974 events in total and gv,;, = 0.096nsm~'. (a) The sum

of the first to fourth Nth-Hits. The peak of direct Cherenkov hits is visible around cos ¢ = 0.7. (b) The

sum of the fifth to 17" Nth-Hits. The negative cos & slope of neutrino events due to Argi; = 2.69cm is

visible in data. The non-flat cos ¢ shape of MC background comes from distribution of selected, live
PMTs.

To illustrate the results of the fit and the agreement between data and MC the cos o
histograms of the sum of early Nth-Hits and late Nth-Hits are shown in Figure 7.14. For the
sum of the first to fourth Nth-Hit histograms the peak from direct Cherenkov hits is visible
at cosa = 0.7. For the sum of the late hits from the fifth to the 17! Nth-Hit, the indirect
effect of the Cherenkov hits, Ary;, is also visible by eye. The best fit MC histogram explains
the negative slope better than the pure background. The non flat cos o distribution of MC
background is governed by the position distribution of the selected live PMTs, which is well
described in MC as it is simulated on an data event-by-event basis. The observations made on
the Ncno+pep CID analysis of Phase 2+3 are qualitatively also true for Phase 1, where the CID
data is well explained by the best fit MC histogram also for individual Nth-Hits. The relevant
plots can be found in the Appendix C.3.

The results of the CID Ncno+pep measurement are summarised in Table 7.8 and the Phase 1

value NGRS 1, = 676733; is well in agreement with both the HZ-SMM (N§o,pep = 615+ 34)
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and LZ-SSM (N(}%O +pep — 01 £25). For Phase 1 the no-neutrino hypothesis can be excluded
with Ax? =10.3, > 30.

X% /ndf p-value  NcNO+pep

Phase 1 886.9/897 059 676733

Phase 2+3 | 1000.5/1017 ~ 0.64 27707333

TABLE 7.8: Results of the Ncno+pep CID analysis without systematic uncertainties. The total number
of data events is 2990 for Phase 1 and 5974 for Phase 2+3.

A last observation is the difference of the best fit Argi; values between the phases and energy
regions. For Phase 1 these values are Argy = (1.89 +0.19) cm and Arg;r = (3.20+£0.77) cm
for the "Be-v edge and CNO+pep-V region, respectively. For Phase 243 these values are
Argir = (1.66 £0.12) cm and Argiy = (2.69 +0.31) cm. The Arg;; values between Phase 1 and
Phase 2+3 are comparable with each other due to the relatively large uncertainty, but Phase 1
shows consistently higher values for both energy regions. This is expected, as the loss of PMTs
over time increases the position reconstruction uncertainty, which should decrease the effect
of Argir. The Arg, values are larger for the CNO+pep-V region, which is a significant effect
for the combined differences of Phase 1 and Phase 2+3. This is also expected, as the larger
electron energies at the CNO+pep-V energy regions result in a higher Cherenkov/scintillation
ratio, which gives a bigger Arg;; mis-reconstruction in the initial electron direction.

Here, the detailed study of systematic uncertainties is still outstanding. Neither are
these the final results of the Ncnospep CID measurement, nor is the number of pep-v events
constrained to perform a measurement of the CNO-v rate. The different systematic uncertainty
studies are explained in the following Section 7.6 and 7.7. The final results of the CID analysis
of Nenospep and Neno, including systematic uncertainties, are given in Section 7.8.

7.6 Estimation of systematic uncertainties

The biggest systematic uncertainty of the CID analysis comes from the uncertainty of the
parameters gv, and Argir, which are used to model the data cos & histograms. Their influence
is automatically included in the Ay? profiles because they are treated as nuisance parameters
in the fit. The other possible sources of systematic uncertainties can be categorised into two
groups. First, there are those sources which only influence the CID measurement regarding
the number of neutrino events in the selected data set:

* The selection of Nth-Hit(max) until the analysis is performed.
* The selection of the number of cos & histogram bins.

* The selection of good PMTs to be considered for the analysis.
* The relative time alignment between different data PMTs.

* The position distribution of different background species.

* The cos & shape differences between pep-v and CNO-v events.
* The expected number of neutrino events that are not of interest.

The second category of systematic uncertainty sources are those that impact the calculation
of the neutrino rate [cpd/ 100 t] from the measured number of neutrino events and vice versa:
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* The selection of the fiducial volume.
* The selection of the energy region of interest.
* The exposure efficiency of the MLP and TFC algorithms.

For the previous CID measurement of ’Be-neutrinos the uncertainties have been estimated
with simple, but maximally conservative methods. The intention of this previous measurement
has been to provide a robust proof of principle for the CID method and the overestimation of
the systematic uncertainties does not impede this strategic analysis goal. As the primary goal
of this analysis is to provide an actual measurement of CNO-neutrinos, now the listed sources
are investigated in detail and with a reasonable estimation of their systematic uncertainties
values. The methods used for these investigations are toy-MC studies and the comparison of
pure data background events outside the selected energy Rol with MC background events.

7.6.1 Selection of Nth-Hits(max) and number of histogram bins

The number of Nth-Hit(max) cos o histograms used for the CID analysis is optimised to take
into account the sensitivity on direct Cherenkov hits, as well as the indirect information of
Cherenkov hits, provided through the biased position mis-reconstruction Argi;. In principle it is
possible to use all hits of the events, as each Nth-Hit is independent from the others and starting
from some late Nth-Hits, they only provide random noise and no Cherenkov information
of any kind. Nonetheless the analysis is constrained to Nth-Hit(max) = 15 for Phase 1 and
Nth-Hit(max) = 17 for Phase 2+3, which is a somewhat arbitrary selection and an equally
good Nth-Hit(max) value could have been selected between about Nth-Hit(max) ~ 10 to 20,
or more. The reason that very large Nth-Hit(max) values are not considered, is that there
could be systematic differences between the cos & histograms of data and MC, dependent
on the Nth-Hits, without adding more CID sensitivity. Such systematic differences could
stem from the MC and data background for example, where even a very small difference, that
is negligible for individual Nth-Hits, would dominate the analysis for the use of hundreds
of Nth-Hits. Likewise, the selection of the number of bins for the cos @ histogram is also
somewhat arbitrary. The existence of a systematic uncertainty through the choice of binning
seems unlikely, but it could be possible that some large scale cos & structures are different
between the data and the MC and hidden through the lower bin statistics for a larger binning.
Conversely there could exist systematic cos & outliers in data, which then would be averaged
out and effectively hidden by the use of too few bins.

Therefore, the impact of the selection of Nth-Hit(max), as well as the binning on the
CID result and systematic uncertainties are studied here, through the use of a toy-MC. The
toy-MC used here is the same as for the Acceptance Sampling Unfolding used to unfold the fit
response, described in the later Section 7.7 and the procedure is as follows:

1. The values of the CID parameters N3™, gvf;ig", Arfjii‘r“ are selected randomly from the
entire parameter space. This means that for the "Be-v edge region N{™ is sampled
according to the allowed probability distribution P(Ny ), while for gvzihm, Arfliirr“ the
values are sampled uniformly in a region of interest. For the CNO+pep-V region
gVZLm is sampled according to the Ay?(gv,,) corresponding probability distribution
P(gven) = exp(—3A%%(2Ven))’, while for N, pep» Argi all physically allowed values
are equally likely to be selected.

2. The toy-data is produced from MC cos o histograms according to the sampled parame-
ters and with the statistics of data. Then the toy-data is analysed in exactly the same

3This is the same as the Bayesian posterior from the gv,,, measurement, now used as a prior.
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way as the true data, with the nominal selection of Nth-Hits(max) and number of bins
as well as including the relevant pull-terms. This results in the best fit values for the toy
analysis as N1t gviit At

3. If all best fit values of the toy analysis are the same as the results of the true data analysis,
within a small window, then the toy-data analysis is performed a second time where the
selection of either Nth-Hit(max) or the number of histogram bins is changed relative
to the nominal analysis. The best fit parameter distribution of this second analysis is
the conditional probability distribution to see a certain result for a changed selection of
Nth-Hit(max) or the number of bins, given the results from the nominal data analysis.

4. The standard deviation of the toy-MC fit result distributions then corresponds to the
expected statistical uncertainty for the variation of the Nth-Hit(max) and binning selec-
tion. This makes it possible to identify a potential systematic uncertainty in fit results of
the data , should they be statistically unlikely.

Phase 2+3 Conditional ev, Probability Distribution Phase 2+3 Conditional Ny, Probability Distribution
TT
350 — Selected results for Nth-Hit(max) = 17 5001 —  Selected results H)r Nth-Hit(max) = 17
. - — Conditional results for Nth-Hit(max) = 18 _ - — Conditional results for Nth-Hit(max) = 18
] 3001~ — Conditional results for Nth-Hit(max) = 12 2 400 — Conditional results for Nth-Hit(max) = 12
=t F I =)
= 250~ it -
£ 1 £
= 200 = 300~
1= L = -
= S
= 1501 =1 -
.—5 I _5 200
& 1001 hi = i
A r A 100
501 |
C L L It AL L L L C L L L L
0.075 0.08 0.08 0.09 0.095 0.1 0.105 2200 2400 2600 2800 3000 3200
Toy-MC Best Fit gv  [ns m] Toy-MC Best Fit NCNO+pep

(a) (b)

FIGURE 7.15: Conditional probability distributions produced by toy-MC, given the true results of

data analysis with a nominal selection of Nth-Hit(max) = 17 in black. For the toy-MC analyses with

Nth-Hit(max) = 18 in red and Nth-Hit(max) = 12 in blue. (a) For the gv, calibration at the "Be-v
edge region, with 2000 events. (b) For the Ncno+pep analysis, with 10k events.

Figure 7.15 shows the toy-MC produced, conditional PDFs for the nominal selection of
Nth-Hit(max) = 17 in black, Nth-Hit(max) = 18 in red and Nth-Hit(max) = 12 in blue, for
the "Be region gv, calibration on the left and for the Ncno+pep measurement on the right.
The black distribution shows the width of the acceptance region, i.e. the toy-MC results
must give the same results as the true data analysis within this small window. Given these
results of the pseudo-data analysis the conditional PDFs show that the mean value stays the
same, independent of Nth-Hit(max), as is expected. The larger the difference between the
investigated Nth-Hit(max) and the nominal selection is, the larger the standard deviation
becomes, which is also as expected. While it is shown here that Nth-Hit(max) = 12 is much
broader than Nth-Hit(max) = 18, this is also true for all other values, Nth-Hit(max) = 22 is
about as broad as Nth-Hit(max) = 12 and so on. The PDFs for the binning selection and for
Phase 1 are not shown, as they are qualitatively the same.

Given the results of the CID analysis at Nth-Hit(max) = 17 of NcNo+pep = 2770, what is
the probability to get the result of Neno+pep = 2742 at Nth-Hit(max) = 18? With the expected
statistical uncertainty provided by the conditional PDFs of the toy-MC it is possible to search
for systematic uncertainties from the Nth-Hit(max) and binning selection. This is shown for
Phase 2+3 in Figure 7.17, for the "Be region gc, calibration at the top and Neno+pep measure-
ment at the bottom. The corresponding plots of Phase 1 are in the Appendix C.10. The results
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FIGURE 7.16: (a) Results of the gv,, calibration at the "Be-v edge region, for Phase 2+3. On the top
(black) for a range of Nth-Hit(max) values around the nominal value of Nth-Hit(max) = 17, all with
60 bins for the cos ¢ histogram. On the bottom (red) for a range of number of bins around the nominal
value of 60 bins, all with Nth-Hit(max) = 17. (b) Difference between the varied gv, results and the
nominal analysis result of gv, = 0.089nsm~! in units of the expected standard deviation.
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FIGURE 7.17: (a) Results of the Ncno+pep measurement, for Phase 2+3. On the top (black) for a range
of Nth-Hit(max) values around the nominal value of Nth-Hit(max) = 17, all with 60 bins for the cos «
histogram. On the bottom (red) for a range of number of bins around the nominal value of 60 bins, all
with Nth-Hit(max) = 17. (b) Difference between the varied Neno+pep results and the nominal analysis
result of Neno+pep = 2770 in units of the expected standard deviation.
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of the true data analysis are shown on left for a range of Nth-Hit(max) = {12,13,...,21,22}
and #Bins = {40,44,...,76,80}. On the right the difference between the results of the current
Nth-Hit(max), binning selection and the result of the nominal selection is shown in units of
the expected statistical uncertainty. No significant pattern or structure can be seen for any of
the plots. Between Phase 1 and Phase 2+3 some points are outside of 10, two points in total
are outside of 20 and none are outside of 30.

Results > |10 Nth-Hit(max) #Bins Total
Ve NeNO+pep | 8Ven NCNO+pep
Phase 1 2 4 4 3 75
Phase 2+3 3 4 2 3

TABLE 7.9: Number of results, where a varied Nth-Hit(max), #Bins fit result differs from the nominal
analysis by more than 10. The expected number is 3.2 for each table entry and 25.4 in total.

This is summarised in Table 7.9 for Phase 1 and Phase 2+3, where the number of results
outside 10 is given for each corresponding plot, with the expected number of results outside
of 10 is 3.2 as each plot has ten points. In total a number of 25.4 is expected, while a number
of 25 is realised. All plots show a behaviour that is fully consistent with pure statistical
fluctuations and the conclusion is then that there is no relevant systematic uncertainty for the
selection of Nth-Hit(max) or the selection of the number of histogram bins, in the investigated
regions.

7.6.2 Selection of good PMT's

The PMTs selection is optimised for the CID analysis through the use of the ToF corrected
hit time distribution of the individual PMTs in data. Fitting these hit time distributions with
a Gaussian modified exponential PDF results in a distribution of the fit parameters and the
PMTs are deselected based on the difference between their fit parameter values relative to the
mean values of the full parameter distributions (see Section 7.4). Because the Nth-Hit time
like variable used for the CID analysis is sensitive only to the relative hit time differences
between the PMTs this approach is the correct way to select PMTs, as the applied cuts means
that PMTs are considered good to use if they have a hit time distribution similar to most other
PMTs. The stricter the parameter cuts are, the less likely it is that the selected PMTs have
some systematic, relative differences in their hit time distributions between each other. The
exact cuts applied for the PMT selection are somewhat arbitrary as they have been selected by
eye and are not based on a rigorous toy-MC study.

For this reason it is possible that the particular PMT selections could still have some
systematic differences between the relative hit time distribution of the data PMTs, which would
result in a systematic uncertainty for the CID analyses. This is investigated here for Phase
2+3 by applying stricter parameter cuts on the PMT selection in such a way that an additional
number of PMTSs Ny, is deselected in steps of 40 PMTs, Npy,p, = {40, 80,120, 160,200}.
Should there be a systematic uncertainty left from the selection of good PMTs, then such a
stricter PMT selection would potentially show a difference in the CID analyses results that
would be noticeably larger than what is expected from pure statistical fluctuations. This is in
principle the same type of systematics study as the previous investigation of the Nth-Hit(max)
and binning selection, although with some differences in the calculation of the expected
standard deviation. The relevant plots of Phase 1 can be found in the Appendix C.4.

Again, a toy-MC is used to estimate the expected, purely statistical standard deviation
from the deselection of an increased number of PMTs. This toy-MC can not be performed
through random sampling of toy events from the cos & histogram of the full MC, because
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different PMT selection give different cos & histograms for the same selection of MC events.
Thus, the previous method is not able to produce conditional probability distributions, because
the random events sampled from the cos & histogram of the nominal PMT selection are
independent from the events sampled from the histograms of the stricter PMT selection.
Instead a more laborious toy-MC study must be performed:

1. Because the full CID MC is produced on a data event-by-event basis, here for each
data event only a single corresponding MC event is randomly selected, either from the
neutrino MC or from the background MC, such that the resulting MC event selection
has the correct signal to background ratio. Only MC events which pass the relevant
Nﬁeo and FV cuts are considered, where the MC event selection has the same number of
events as the data for each phase and Rol.

2. A number of 1000 random MC event selections are performed, where the true MC
parameters Ny, gv,, Arg are sampled from their respective posterior distribution,
given the results of the nominal PMT selection analysis results (see Section 7.7.2). This
procedure makes sure that the possible underlying, true CID parameter values are taken
into account correctly.

3. The full MC events are used to produce the CID cos & histograms for the different PMT
selections. Thus each set of toy-data events produces six cos & histograms, one for the
nominal and five for the stricter Npy;r PMT selections. These toy-data cos o histograms
are now correlated to each other, as they use the exact same set of underlying, full MC
events, just with a different selection of PMT hits from the sampled events.

4. The normal CID analysis is performed on the toy-data cos & histograms with the relevant
full MC histograms, which now are produced with the same PMT selection as the toy-
data. Each set of toy-data events and the corresponding analysis produces six best fit
values for each CID parameter. This results in five difference distributions for each CID
parameter, where the toy analysis fit result given by the additionally deselected Npyr,
PMTs is subtracted with the toy analysis result of the nominal PMT selection. The
standard deviation from these distributions is the desired Npy,r, dependent estimation
of the purely statistical uncertainty.

5. Comparing the differences of the true data CID analysis results with this toy-MC
standard deviation makes it possible to identify a potential systematic uncertainty from
the method of PMT selection.

Figure 7.18 shows examples of the Npy,r, dependent distributions which give the estima-
tion on the expected standard deviation used for the study of the PMT selection systematic
uncertainty. On the left Agv,,, from the "Be-Vv edge region is shown and on the right ANCNO+pep-
The additional deselection of Npyr, = 40 PMTs is shown in black, while the additional de-
selection of Npyr, = 200 PMTs is shown in red. The standard deviation gets larger for
a larger number of additionally deselected PMTs, as is expected. It is interesting to note
that for Npyr, = 200 the standard deviation of ANcNo+pep 18 780, which is much larger than
the estimated uncertainty from the nominal data analysis AXZ(NCNO+pep) profile of ~ 490,
while for Agv,, the estimated standard deviation is 0.014nsm~!, which is smaller than the
uncertainty from the data analysis Ay?(gv,,) profile of 0.018nsm™".

It seems that the low event statistic at the CNO+pep-V region makes the analysis more
dependent on the exact distribution of selected PMTs. This likely comes from the reduced
effect of averaging over a large number of different solar directions, compared to the ~ 10
times higher event statistic at the "Be-v edge region. For a low number of events the exact
distribution of the position of the Sun relative to the selected PMTs becomes more influential
on the CID analysis.
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FIGURE 7.18: The conditional probability distributions of the difference between the CID results

obtained with the nominal PMT selection and CID results obtained with the deselection of additional

PMTs. The distributions are produced with 1000 toy-MC analyses, with the additional deselection of

40 PMTs in black and the additional deselection of 200 PMTs in black. (a) For the gv,,, calibration at
the "Be-v edge region. (b) For the Ncno+pep analysis.
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FIGURE 7.19: (a) Results of the data gv, calibration at the "Be-V edge region of Phase 2+3 for the
nominal and stricter selection of PMTs. (b) Difference between the gv, results nominal and stricter
selection of PMTs in units of the expected statistical uncertainty.
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FIGURE 7.20: (a) Results of the data Ncno+pep measurement of Phase 2+3 for the nominal and the
stricter selections of PMTs. (b) Difference between the Nenospep results of the nominal and the stricter
selections of PMTs in units of the expected statistical uncertainty.
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Figures 7.19(a) and 7.20(a), on the left, show the absolute fit results of the CID analysis
for the gv, calibration at the "Be-v edge region and for the Ncnotpep measurement. On
the right 7.19(b) and 7.20(b) show the results for the difference between the different Npy;p
selections and nominal PMT selection, in units of the expected statistical uncertainty o. There
is no significant systematic uncertainty observed, as no result is outside of 20 and for Phase
2+3 both Npy 1, dependent CID analyses show only a single result outside 1o each, while for
Phase 1 both CID analyses show only two results outside 10 each. Overall there is a good
agreement between the expected difference of the Np, 1, dependent results compared to the
estimated statistical uncertainty, as for 20 results in total 6.3 are expected to be outside 10,
while only six are observed for Phase 1 and Phase 2+3. The conclusion is then that the nominal
PMT selection can be safely used for the CID analysis, without contributing a systematic
uncertainty.

7.6.3 Systematic uncertainty from PMT time correction

The study of the ToF corrected hit time distributions of the individual PMTs is showing
that the selected data PMTs have a constant time difference yu(PMT) between each other,
while still showing a good agreement for the overall shape of their hit time distributions (see
Section 7.4). These constant offsets are significantly larger than the fit uncertainty Ay (PMT)
for data, while the corresponding values of the same analysis on MC are well in agreement
with the fit uncertainty. It is then reasonable to correct each data PMT with its measured
constant offset (U(PMT) — (u)), relative to all the other PMTs, as otherwise there could
still be an over-selection for some PMTs and under-selection for other PMTs for the early
Nth-Hits.

Thus, the nominal CID analysis chain is performed with exactly this PMT time offset
correction (u(PMT) — (u)). Because u(PMT) is only known with a finite precision it is
necessary to propagate the uncertainties Ai(PMT) of each selected PMT through the entire
CID analysis chain to include the systematic uncertainty from the small, but significant time
differences of the data PMTs.

Phase 2+3, 'Be Region PMT Time Correction Systematic Phase 2+3, CNO+pep Region PMT Time Correction Systematic
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FIGURE 7.21: Distribution of Phase 2+3 best fit results, where the PMT hit time correction is randomly
varied a number of 10k times, using to the uncertainty Ayt (PMT) as a Gaussian standard deviation.
(a) For the gv, calibration at the "Be-v edge region. (b) For the measurement of NeNO+pep-

The error propagation of Au(PMT) is done by performing the CID analysis an additional
1000 times, where each time the nominal time corrections (1 (PMT) — (u)) of the PMTs are
changed by a Gaussian smearing with a standard deviation of Ay (PMT). The distribution of
the Phase 2+3 best fit results for the relevant CID parameters is shown in Figure 7.21, for the
"Be-v edge region gv,,, calibration on the left and the Ncno+pep analysis on the right.
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The propagated systematic uncertainty from the finite precision on the PMT time constant
correction is estimated with the standard deviation of the best fit result distribution. It has to
be noted that the systematic uncertainty is propagated through the full analysis chain, thus the
NcNospep analyses are performed after the calculation of the gv,,, systematic uncertainty and
the average Ay?(gv,,) profile is used as the pull-term for the NcNospep analyses, explicitly
including the systematic gv, uncertainty. The corresponding plots of Phase 1 can be found in
the Appendix C.11.

(gvg,) & (stat.) Esyst. [nsm™!]  (Nenowpep) = (stat.) £ syst.

Phase 1 0.1394 £0.0278 £ 0.0052 6811230 +26
Phase 2+3 |  0.0878+0.0178 +0.0018 28217549 +63

TABLE 7.10: Systematic uncertainties from PMT time constant correction.

Table 7.10 summarises the propagated systematic uncertainty from the PMT time constant
correction. Each variation of the PMT time constant correction gives a different best fit result
with a corresponding estimated Gaussian uncertainty from the profile Ay = 1. The resulting
average value (NCNO+pep> of the distribution is different from the single result given by the
nominal CID analysis. Overall, the finite precision of the constant PMT time correction
contributes a relatively small systematic uncertainty on NcNospep Of ~ 4% and ~ 2% for
Phase 1 and Phase 2+3, respectively.

7.6.4 Comparison of !'C and ?'Bi background MC
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FIGURE 7.22: (a) Distribution of N£** for ''C MC (red) and ?!°Bi MC (black) for Phase 2+3. (b)

Distribution of the distance between reconstructed event position and the PMTs which detected the

first hits of the events for ''C MC (red) and 2!°Bi MC (black) for Phase 2+3. The distribution of ' C is

shifted to lower distances, as !'C events have a larger average energy which causes an over-selection of
close PMTs, relative to 219Bi events.

The two main background components of the CNO+pep-v region are expected to be
'C and ?!9Bi. In principle there should be no difference in the cos & histograms between
those two event types, but they have significantly different energy distributions which could
potentially introduce a systematic difference between them. For this reason the compatibility
of the cos & histograms between ''C MC and ?!°Bi MC is investigated in this section.

Figure 7.22(a) shows the Nj*° distribution of ''C MC in red and ?!°Bi MC in black for
the Phase 2+3 Rol. The distributions are significantly different, with an average value of
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<N§e°> ~ 380 for 2!°Bi and (Nﬁe°> ~ 510 for ''C. This large difference could potentially
introduce a systematic difference in the cos o histograms for early Nth-Hits because the
definition of the Nth-Hit depends on the relative PMT hit time for a given event. The PMTs
cannot resolve individual photon hits, but integrate all photon hits in a 80 ns window after
the first detected photon, with a 60 ns dead time following that. The PMT hit time is then
defined as the time of the first detected photon. This means that the underlying PMT hit time
distribution shifts to earlier times and becomes more narrow for a larger number of detected
photon hits (see also the position reconstruction PDF in Chapter 2).

At the same time PMTs closer to the event position have a higher probability to detect a
photon due to their larger geometric acceptance. This means that there could be a selection
bias of the first hits of the events for !'C, relative to 2!°Bi, which would over select close
PMTs simply because !'C events have a larger pool of photons to select the earliest hit from.
Figure 7.22(b) shows this effect for the first hits of the events, where the distance between the
reconstructed event position and the position of the PMT which detected the first hit is plotted.
The general shape of the distribution is governed by the geometric acceptance of the PMTs
and the number of PMTs at a given distance. The distance distributions of ''C and >'°Bi are
significantly different, with a y?/ndf = 1686/115, given the statistics of MC. The distribution
of ''C is shifted to smaller distances due to the larger !'C event energy compared to >'°Bi,
which validates the concerns discussed above. At the same time the absolute difference
between the distributions is small, with the average values of (5.97240.001)m for ''C and
(5.983+0.001) m for 2!°Bi.
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FIGURE 7.23: (a) The sum of the 1% to 17" hits of events cos o histograms of ''C MC (red) and

210Bj MC (black) for Phase 2+3, normalised to the same integral. (b) p-values corresponding to the >

between ''C MC and 2!°Bi MC cos & histograms for a given Nth-Hit, with 60 bins (black) and 20 bins
(red). The dotted lines show p-value = 0.32 and p-value = 0.05.

Figure 7.23 now shows the comparison of the ''C MC and ?'°Bi MC cos & histograms.
The sum of the first to 17™ hits of the events is shown on the right 7.23(a). The histograms
are comparable with a y?/ndf = 64.2/59, p-value = 0.30 for 60 bins and x2/ndf = 23.3/19
(p-value = 0.22) for 20 bins, given the statistics of MC. The additional binning of 20 is
selected to investigate potentially larger structures in the cos o histogram, as those could be
obfuscated by the lower bin statistics for a binning of 60. As the sum of these cos & histograms
has a relatively large number of entries, compared to the single Nth-Hit cos & histograms, a
general systematic difference between the in !'C MC and ?!°Bi MC cos o histograms seems
unlikely.

Following this result, Figure 7.23(b) on the left shows the x? corresponding p-value for
60 bins and 20 bins between the !'C MC and 2!°Bi MC cos « histograms, for each individual
Nth-Hit. The dotted lines highlight p-value = 0.32 and p-value = 0.05. The first hits of
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the events are in agreement between both MC backgrounds and overall there is no Nth-Hit
dependency visible, such as a linear trend or a clustering of low p-values at early Nth-Hits.
For the 22 histograms investigated the number of p-values below 0.32 is expected to be seven
and there are eight for 60 bins and seven for 20 bins. At the same time there is no p-value
below 0.003. The conclusion is then, that there is no systematic difference between the MC
cos & histograms for ''C and 2!°Bi, given the statistics of MC. There is no energy dependence
of cos & for the background events and the concerns discussed above are not relevant in the
selected Rol. For this reason the background MC used for the CID analysis of the CNO+pep-v
region is the sum of the ''C MC and the 2!°Bi MC. The background MC study for the Rol of
Phase 1 is not shown as it gives qualitatively the same results, where no systematic differences
are found.

7.6.5 Investigation of systematics between data and MC background

In this section the potential systematic differences between the background MC (!'C MC
plus 2!°Bi MC), the TFC-tagged ''C data background and external y data background is
studied. The ''C data events are chosen because it is possible to efficiently tag them with
the TFC algorithm, which provides a pure selection of a relatively large number of events,
uniformly distributed in the FV. From the investigation of the MC it is expected that 2!°Bi
and ''C background give the same CID cos « distribution. But, as previously there is the
concern about the impact of the ''C event hits on cos , due to the relatively larger number
of PMT hits. This is because data and MC events have a small, but significant difference
between their absolute hit time distributions. It could be possible that this small difference
introduces a noticeable change in the cos & histograms between !'C data and MC, as these hit
time distribution differences are more pronounced here due to the larger number of PMT hits
(event energy) for ''C events, compared to 2!°Bi events. Another reason is that ''C events are
positron events and there is no dedicated positron calibration in Borexino, which could mean
there are non-negligible differences between !'C MC and data for the CID analysis *.

For the external y events there is no dedicated CID MC production, as it is prohibitively
time consuming, but instead the !'C MC plus 2!°Bi MC background MC is used for all types
of CID background. Consequently, there is again the concern regarding the difference in
hit time distribution between external y data and MC background. Of special concern is
the unique difference between the external y events and MC, as their position distribution
is highly non-uniform. They are coming from the outside of the detector and their position
distribution follows an exponential increase for larger event radii, given by the attenuation
length of the LS for these y energies. For this reason it is important to study their general
cos & shape, as well as the single Nth-Hit cos ¢ histograms. As for the CID analysis, here the
cos & histograms are produced with the PMT selection, as well as the PMT time correction of
data PMTs of Section 7.4. The investigation of pure background events can also be used as
a supplementary estimate of this selection. Should the PMT selection be insufficient or the
PMT time correction drastically wrong, then this would introduce a Nth-Hit dependence in
the statistical agreement between the data and MC cos ¢ histograms. All these systematic
studies are performed in this section on Phase 2+3, while the relevant plots for Phase 1 can be
found in the Appendix C.4.

Figure 7.24(a) shows the selected '!C and external y data events, in red and blue, re-
spectively. The !'C events are selected trough the TFC-tagging with 520 < N < 700 and
the external gammas with neither TFC-cut not tag with 700 < N£*° < 1000. The number of
selected data events is Niic = 19302 and N, = 7026, both of which are larger than the total

“4For example, the difference in the hit time distribution of !'C MC and data has lead to the abandonment of
the position reconstruction likelihood parameter (Fig. 2 and Fig. 3 in [84]) of the multivariate fit after Phase 2.
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FIGURE 7.24: (a) The selected N;°° region for the TFC-tagged !!C (red) and external ¥ (blue) data
events of Phase 243. The y events are neither TFC-cut nor TFC-tagged. The events numbers are
Niic = 19302 and Ny = 7026. (b) The corresponding distribution of the reconstructed event radius,
in a log-scale. ''C follows a third order polynomial distribution, as expected from a uniform event
distribution vs. the radius. The external y’s show the expected exponential increase for larger radii.

number of events in corresponding the CNO+pep-v Rol with Ny = 5974 for Phase 2+3.
The same is true for Phase 1 with Nii¢c = 9318, N, = 3840 and Ny = 2990.

Figure 7.24(b) shows the radial distribution of the reconstructed event positions for
these events. The uniformly distributed ''C events correctly show a third order polynomial
distribution, where the bin entries are proportional to the volume of the 1 cm wide radial shells
given the histogram binning. The external y’s show an exponential increase with larger radii.

Toy-MC study of external y background non-uniform position distribution
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The measured exponential radial distribution is used in the following to perform a toy-MC
study, where the difference in cos ¢, introduced by the pure geometric differences between a
uniform and exponential radial event distribution, is investigated.

Figure 7.25 shows the cos & distribution of toy-MC simulations with a uniform event
distribution in black and with the exponentially increasing radial distribution of the external
Y’s in blue. The toy-MC study is performed with the live PMT profile of run 17328, with
a statistic of 108 PMT hits. First, the direction of the Sun is randomly sampled from the
measured distribution of the solar orientation in Borexino coordinates (Figure 3.2). Then
the event position is sampled from the relevant radial distribution and a photon direction is
sampled isotropically and cos ¢ is calculated if a PMT is hit. These PMT hits have no time
information, as to estimate the purely geometrical effect of the exponential radial distribution
on the cos @ shape of the external y background.
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Given the statistics of the toy-MC, the two cos & histograms are significantly different
from each other with a y2/ndf = 40.1/9, p-value = 6.4 - 107®. This means that there is in
principal an influence of the position distribution of the events on the cos @ shape, where the
exponential radial distribution gives an increase around cos & ~ 0.0 and a correlated decrease
around cos @ ~ £1.0. At the same time however, the absolute cos & difference is small with an
average, relative difference Acos o between the uniform and exponential radial distribution of
(Acosa) =0.08% - (cos a). This value is relatively small, even in comparison to the ~ 0.15%
statistical uncertainty of the full MC cos o histograms with 60 bins and with the 200 simulated
MC events per data event in the CNO+pep-v Rol. The effect of the drastically non-uniform
position distribution of the external 7y events is therefore safely negligible given the statistics
of data. Even if the data would be made up entirely of y events, the cos @ shape would be
described well enough by the ''C MC plus 2!°Bi MC background MC.

Summed data cos o histogram comparison
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FIGURE 7.26: Comparison of the cos & histograms summed over the 1% to 17" hits of events, for data

and MC background of Phase 2+3. The histograms are normalised to the same integral. (a) TFC-tagged

1C data compared to MC background with a 2 /ndf = 53.5/59, p-value = 0.67. (b) External y data
compared to MC background with a 2 /ndf = 60.4/59, p-value = 0.42.

The principle, statistical compatibility between the data and MC background events is
investigated with the sum of the first to 17" hits of the events cos & histograms. Should there
be a relevant difference in the cos & histograms between data and MC due to a geometric
difference, such as the live PMT distribution or non-uniform event position distribution, it
would be visible here, given to the large statistics compared to the cos ¢ histogram of a single
Nth-Hit. Figure 7.27 shows this sum of the cos o histograms for the TFC-tagged !'C events
in red and the external ¥ events in blue, in comparison with the background MC in black. The
histograms are normalised for easier comparison between the ''C and the external y events.
There are no significant differences between the data and MC histograms visible. Both data
background species are well in agreement with the background MC, given the results of the
x? test. The cos @ histograms are also compared with a binning of 20 to investigate potential
structures of a larger cos & scale. Again, both data background species are in agreement with
the MC background.

The x2/ndf and p-values of both background species and number of bins for Phase 1 and
Phase 243 are summarised in Table 7.11. Phase 1 and Phase 243 give qualitatively the same
results, where the data background and the MC background are statistically comparable to
each other, with no p-value below 0.32. There are no relevant systematic difference in the
principal cos o shape between data background and MC background, given the statistics of
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TFC-tagged ''C data vs. MC | External y data vs. MC
X% /ndf p-value X% /ndf p-value
Phase 1 (20 bins) | 15.8/19 0.67 16.5/19 0.62
Phase 1 (60 bins) | 48.6/59 0.83 62.8/59 0.34
Phase 243 (20 bins) | 20.7 /19 0.35 21.0/19 0.33
Phase 243 (60 bins) | 53.5/59 0.68 60.4 /59 0.42

TABLE 7.11: x? test comparison between the data background and the MC background.

the selected data background events. This validates again the result of the previous toy-MC
studies for y events, as well as the selection of good PMT’s.

Nth-Hit dependent data cos o histogram comparison
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FIGURE 7.27: The x> /ndf corresponding p-values between data and MC background of Phase 2+3,
as a function of the individual Nth-Hit cos & histograms. The dotted lines show p-value = 0.32,
p-value = 0.05. (a) TFC-tagged ' C data compared to MC background for a binning of 60 (black) and
20 (red). (b) External y data compared to MC background for a binning of 60 (black) and 20 (blue).

The next investigation concerns the Nth-Hit dependence of the cos o shape. The absolute
time differences of the external y and TFC-tagged ''C data events, compared to the MC
background, could potentially introduce a systematic cos & difference for early hits between
data background and MC background. The applied PMT time correction from Section 7.4
could also introduce such a systematic difference, should it be drastically incorrect.

Figure 7.27 shows the x?/ndf corresponding p-value as a function of the individual
Nth-Hit cos & histograms for the TFC-tagged !'C data on the left and the external ¥’s on
the right, both with 20 and 60 histogram bins. The dotted lines highlight p-value = 0.32
and p-value = 0.05. The p-values are calculated until the 22" hits of the events. The cos o
histograms of both data species are comparable with the MC background and there is no
Nth-Hit dependence visible, such as a linear trend or clustering of p-values. Overall, the data
background Nth-Hit dependent cos & histograms show a good agreement with the MC. For
22 histograms the expected number of p-values below 0.32 is seven, while the graphs show
five for !'C for both 20 and 60 bins and six and eight for 20 and 60 bins, respectively, for the
external y events. For Phase 2+3 there are no p-values below 0.003, while for Phase 1 there
is a single p-value = 0.0016 for Nth-Hit = 8 of the external y events. This is the case only
for 60 bins, while for 20 bins it has p-value = 0.0031. This implies a significant difference



7.6. Estimation of systematic uncertainties 145

between the data and MC cos o histogram for this particular Nth-Hit, but the neighbouring
Nth-Hit cos o histogram are again in agreement. In total 84 histograms (22+22 from Phase
2+3 and 20+20 from Phase 1) are investigated, which gives an expected number of p-values
below 0.003 as 0.25. Using a Binomial distribution with the probability p = 0.003 and the
total number of points n = 84 gives a probability of 22% to have at least one point with a
p-value below 0.003. Thus, this single point is likely just a statistical outlier and cannot be
used to estimate a systematic difference between the y data and MC background. Continuing
with the important cos & histogram of the first hits of the events shows a p-value ~ 0.2 for
the ¥ events, but only for a binning of 60 and not for 20, while the p-value of the 'C is well
above 0.32. This seems not enough to imply a relevant systematic difference between the data
and the MC and the same is true for Phase 1, where, again the y events show a p-value ~ 0.2,
but now for 20 bins and not for 60 bins.

The statistics of the selected data background events are larger then the total number
of events in the corresponding CNO+pep-v Rol for Phase 1 and Phase 2+3. Therefore it
can be concluded from the !'C data events that the systematic uncertainty from the PMT
hit time correction can only be small compared to the statistical uncertainty. Likewise, the
systematic uncertainty from an absolute difference of the hit time distribution of external
y data events compared to ''C MC plus 2!°Bi MC background is likely negligible, as is
expected from the use of the event-by-event Nth-Hit method. To summarise: There is no
relevant systematic uncertainty from the geometric differences or from the differences in
the absolute hit time distributions between any species of background in the data and the
MC. Furthermore, there are no significant Nth-Hit dependent systematic differences visible,
which is in agreement with the explicit systematic studies of the PMT selection, PMT hit time
correction and Nth-Hit(max) selection of the previous sections.

7.6.6 CNO and pep neutrino signal MC

Neutrino MC Nﬁs“ Distribution Neutrino MC Cherenkov / Scintillation Ratio for Nth-Hits

1.1 0.14
— pep-v MC

5 + pep-vMC
0.12- + CNO-v MC

— CNO-v MC

0.1
0.08f—
0.06f—

0.04—

Distribution [arb. units]
Cherenkov / Scintillation Hits

0.02[—

- l l l l l l l l \
340 360 380 400 420 440 460 480 500 L T S e T
geo .
Ny Nth-Hit
(a) (b)

FIGURE 7.28: Comparison between pep-v (black) and CNO-v (red) MC. (a) Nﬁeo distribution. (b)
Cherenkov/scintillation ratio of individual Nth-Hits, with a simulated gv,;, = 0.108nsm~!. The total
ratio is 0.475% for pep-v MC and 0.469% for CNO-v MC.

The main signal components for the CID analysis are the CNO-v and pep-V events, where
the relative contribution is unknown for the purpose of the Ncnospep measurement. The
corresponding MC cos o histograms of these neutrino species are very similar, such that a
simultaneous CID analysis of both Ncno and Npep, number of neutrino events is not able to
discriminate them in any usable way. Thus, the nominal NcNo+pep analysis is performed with
pep-v MC cos o histograms only. Nonetheless, their cos ¢ histograms are in fact different
as their energy distributions are different and the corresponding systematic uncertainty is
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quantified in this section. The v-MC Nﬁeo distributions can be seen in Figure 7.28(a). The mean

values are about (NE*°) ~ 404 and (Ni*°) ~ 421 for CNO-v and pep-V events, respectively.
For the pep-Vv events the Nﬁeo distribution has a Compton-edge like shape, as the pep-neutrinos
are mono-energetic with 1.44MeV. CNO-v events on the other hand follow a continuous
distribution, with an endpoint at 1.74MeV. This results in a significantly different N’
distribution, where the event probability rises for lower event energies.

Neutrino MC cos o Distribution of Cherenkov Hits

35 —+ pep-v MC Cherenkov hits

— CNO-v MC Cherenkov hits
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FIGURE 7.29: The MC cos ¢ histograms of pure
Cherenkov hits for pep-v (black) and CNO-v (red).
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The average energy of the scattered electrons from pep-v events is higher than the average
energy of the electrons corresponding to the CNO-v events. This results in a larger ratio of
Cherenkov over scintillation hits, which is shown in Figure 7.28(b) on the right, where the
Cherenkov over scintillation ratio is plotted for the first ten hits of the events, for a simulated
value of the Cherenkov group velocity correction of gv,, = 0.108nsm ™. The overall ratio for
all PMT hits is 0.475% for pep-v events and 0.469% for CNO-v events, according to the MC.
The number of Cherenkov hits per event is about 1% lower for the CNO-V events relative to
the pep-v events. A naive expectation would be that the best fit value of Ncno+pep performed
with the CNO-v MC cos & histograms should be about 1% higher, compared to the nominal
results using the pep-v MC histograms, as the ratio of Cherenkov hits per data event should be
kept equal. Moreover, the shape of the cos & histograms are also explicitly different between
the CNO-v and pep-vevents for the selected CNO+pep-v Rol, due to their different energy
distributions. It is expected that the lower average electron energies of CNO-v events should
shift the average Cherenkov angle and consequently also the CID cos ¢ distribution to larger
cos & values, compared to pep-v events. Exactly this can be seen in Figure 7.29, where the
sum of the first ten Cherenkov hits of all MC events (without scintillation hits) is shown in
black for pep-v and in red for CNO-v. The cos a difference is relatively small with a shift
of the peak value by Acos & ~ 0.02, but this is significant within the ten times increased MC
statistics as the y2-test between the histogram gives a y*/ndf = 184.7/59.

NcNospep | pep signal MC - CNO signal MC  ANcNO+pep
Phase 1 681 695 14 (2.1%)
Phase 2+3 2821 2768 -53 (1.9%)

TABLE 7.12: Systematic uncertainty from CNO and pep MC cos « histogram differences.

To estimate the systematic uncertainty on the Ncnospep measurement, introduced by the
differences in the cos o histograms of CNO-v and pep-v MC, the CID analysis is performed
once nominally with the pep-v signal MC histograms and a second time with the CNO-v
signal MC histograms, including the systematic uncertainty from the PMT time correction.
The difference between the two <NCNo+pep> results is used as the systematic uncertainty. This
is a maximally conservative approach as it assumes that Ncno+pep 1S made up entirely either
of CNO-v or pep-v events, while in reality it is a mixture of both neutrino species. The
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values of this systematic uncertainty are summarised in Table 7.12. It is interesting to note
that for Phase 1 the Ncnospep Value increases with the use of the CNO-v MC as the signal
cos & distribution, while it decreases for Phase 2+3. This likely means that the difference in
the cos o shape dominates the systematic uncertainty, compared to the effect of a decreased
Cherenkov to scintillation ratio when using the CNO-v MC for the CID analysis. Overall, the
systematic uncertainty from the CNO-v and pep-v MC cos o histogram difference is relevant,
but relatively small with ~ 2% of the nominal best fit Ncnospep Value.

7.6.7 Constraint on expected ®B-v, "Be-v and pep-v events

While it is expected that CNO-v and pep-v dominate the signal events in data, there is still a
small contribution of the ®B-v and "Be-v events, which is taken into account as a systematic
uncertainty on the Ncnospep measurement in this section.

Table 7.3 shows the HZ- and LZ-SSM expected number of ’Be-V events in the Rol and
their averaged values are Nrp.(Phase 1) = 1.0£0.1 and N7p.(Phase 24+3) = 9.5+0.7. For the
expected number of 8B neutrino events the Super-Kamiokande measurement of the flavour-
stable’ 8B neutrino flux is used: 2.345 4 0.014 (stat) & 0.036 (syst) - 106cm~2s~! [58]. For
Borexino this corresponds to a 8B-v rate of 0.420+0.007 cpd/ 100t [88], for the full ®B-v
energy range. The energy efficiency, including the trigger efficiency &g is given by the full
G4Bx2 MC simulation as € (®B, Phase 1) = 0.088 and &g (®B, Phase 2+3) = 0.081. With
the corresponding FV, detector live time and TFC-exposure this leads to the expected number
of 8B neutrino events of Nsp(Phase 1) = 15.940.3 and Nsg(Phase 2+3) = 59.0 & 1.0. Those
neutrino species, that are not of interest here, are subtracted from the best fit NeNo+pep Value
with their number of expected ®B-v, "Be-v events. Their corresponding uncertainties are
treated as additional systematic uncertainties.

The previous investigation of the systematic uncertainty, given by the difference of the
CNO-v and pep-v MC in Section 7.6.6, shows that a difference of the cos & shape can either
increase as well as decrease the best fit CID result. As the neutrino energies are different for
8B-v and "Be-v compared to pep-v and CNO-v the exact cos & shape is unknown without
a full CID MC simulation. In the best case the cos« histograms of ®B and "Be would
look comparable to the histograms of CNO-v and pep-v, which seems reasonable for the
mono-energetic 'Be-v (0.862 MeV). For the 8B neutrino events, with an energy distribution
maximum around 6.4 MeV an endpoint near 15 MeV [159], it is not clear how the correct
8B cosa histograms would influence the Ncno+pep result. Thus, the assumption on the 8B-v
number can be considered a somewhat conservative correction on the Neno+pep measurement.
This is because the ®B-v cos o distribution should be slightly flatter than for pep-v and CNO-v,
due to the larger average angle between the neutrino direction and the recoil electron direction.

It is additionally necessary to constrain the number of pep-V events Ny, on the measured
NcNo+peps for the CID measurement of Neno. This is done in the toy-MC estimation of the
posterior distribution, described in Section 7.7.2, where the expected distribution P(Npep) is
included as a prior. This distribution is assumed to be the sum of two Gaussian distributions
with the mean and standard deviation given by the values of the HZ-SSM and LZ-SSM,
respectively. Furthermore, the Poissonian, statistical uncertainty from the expected number of
all v events is also explicitly taken into account, as the expected statistical uncertainty is larger
than the model uncertainties given by the SSM. This is done, so as to be able to marginalise over
all possible, true values for the number of 3B-v, "Be-v and pep-V events in the data sample.
Thus, the full correction can be estimated as AN7g ,sp 4 pep (Phase 1) = —425 +29 (expected
stat. + SSM) and AN7p, ,sp pep (Phase 2+43) = —1588 + 48(expected stat. + SSM), which
adds an additional systematic uncertainty to the CID measurement of Nono.

SMeaning it includes the flavour transformation assuming the MSW-LMA solution, shown in [68] and is
therefore smaller than the pure SSM expectation.
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7.6.8 Fiducial volume selection

FIGURE 7.30: The toy-MC estimation of the sys- - — FV(R<330m): p=-0.53%, 6= 0.51%
tematic uncertainty on the FV, for R<3.30m in S — FV(R <2.95m): p = 0.59%, 6=0.57%
black and R<2.95m in red. In the toy-MC the
radial cut of the FV is randomly sampled according
to the systematic uncertainty of the reconstructed
data event radius, which is known from the results
of the calibration campaign. The plot shows the dis-
tribution of the relative difference AV/V between

the sampled volume and the nominal volume V. 0
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AV/V | R<330m R<3.05m R<3.00m R<295m
Mean -0.53 % -0.57 % -0.58 % -0.59 %
Std. Dev. 0.51% 0.55 % 0.56 % 0.57 %

TABLE 7.13: Relative systematic uncertainty of the different spherical FV used in the CID analyses.

The data events are selected trough a cut on the reconstructed event radius, which results
in a FV with a certain target mass. The FV is used for the calculation of the neutrino rate in
[cpd/100t] from the measured number of neutrino events and vice versa. The uncertainty on
the FV is calculated in this section, using the standard Borexino toy-MC method which has
been used in most Borexino publications. For this the 2>’Rn + !4 C source positions close to
the FV edge at R > 3m are selected and the reconstructed event position radius is compared
to the nominal one obtained from the CCD cameras. For the southern hemisphere the mean
offset and standard deviation is AR = (1.4 4+0.8) cm, while for the northern hemisphere it is
AR = (—2.6 £0.8) cm, where this offset is dominated from the systematic mis-reconstruction
of the z-position in data [85].

The toy-MC volumes are produced by randomly sampling the edge of the FV according
to these AR values and then comparing them to the nominal volume. Figure 7.30 shows
the resulting distributions of AV /V for the FV of R <3.30m in black, which is used for
Phase 1 and Phase 2 at the "Be-Vv edge region and R <2.95 m in red, which is used for Phase
243 at the CNO+pep-V region. The systematic uncertainties are summarised in Table 7.13
for the different FV used throughout the CID analysis chain. Larger FV produce smaller
relative uncertainties and all FV have a negative offset and a standard deviation of about
0.6 %. The offset to smaller volumes in the data compared to the MC is due to the systematic
position mis-reconstruction of the z-position in the data. The uncertainty of the LS density of
(0.878 4-0.004) gcm 3 [90] should also be included here, which results in a total uncertainty
of 0.7 % for the fiducial mass.

7.6.9 Energy selection cuts

The data events are selected in an optimised energy region, using the Nﬁeo estimator. This
results in an efficiency €g on the energy cut, which is the fraction of events within the selected
energy window. The value of &g is calculated for each event species from the Nﬁeo spectrum
of the full G4Bx2 MC simulations. It is then used for the calculation of the neutrino rate
from the measured number of neutrino events within the Rol and vice versa.

There is a systematic difference in the energy scale between the data and the MC, which
results in a systematic uncertainty on €g. The true Nﬁeo region of the data can be different
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"Be-v edge region CNO+pep-v region
"Be-v pep-v. CNO-v | pep-v CNO-v
Phasel | 13% 16% 15% | 0.8% 1.4 %
Phase2 | 1.0% 13% 12% | 0.8% 1.4 %
Phase3 | 08% 1.1% 10% | 0.8% 1.4 %

A€g / EE

TABLE 7.14: Relative systematic uncertainty of g from the Nﬁeo cuts for the relevant energy regions
and neutrino species of the CID analyses.

to the region that is used to calculate &g from the MC Nﬁeo spectrum. Using the calibration
sources, cosmogenic neutrons (from the muon-'>C spallation) and the internal >'Po and
C events the non-linearity of the energy scale, light-yield stability over time, and spatial
non-uniformity have been studied by the Borexino collaboration [68]. The relative uncertainty
on the energy scale is 0.32% and the uncertainty from the non-uniformity and non-linearity of
the response is at the level of 0.06% and 0.09%, respectively [139].

The total, relative uncertainty on the energy response of 0.34% is used as a Gaussian
standard deviation, to randomly sample the edge of the selected Nﬁeo cuts. Then the resulting
€g values are compared to the nominal value for the different neutrino species. Table 7.14
summarises the standard deviation of the toy-MC Agg / €g distributions. The mean values for
all energy regions and neutrino species are centred around zero. The sub-percent uncertainty
on the energy scale can result in a relative systematic uncertainty above one percent on €g. The
reason for this is that the Nﬁeo energy distributions of the different neutrino species are not flat
and have different probability values for the low and high Ni*° cuts. For the selected Ni*” cut
around the "Be-V edge region the relative uncertainties decrease as the regions are broader for
later phases, while for the CNO+pep-V region the selected ngleo cuts are too similar between

Phase 1 and Phase 2+3 to produce a relevant difference for Aeg / €.

7.6.10 Summary of systematic uncertainties

The systematic uncertainties, relevant for the CID analysis, have been studied in this section
and a number of possible sources of uncertainties can be excluded. The selection of Nth-
Hit(max), as well as a general Nth-Hit dependence of the CID analysis has been of great
concern, as the MC model of the data neutrino events through the CID parameter gv,, is only
a linear approximation of the possible, underlying difference in the Cherenkov time behaviour
between data and MC. It turns out that there is no relevant systematic uncertainty from the
Nth-Hit(max) selection and neither is there a general Nth-Hit dependence. The best fit result
provides a good p-value for each individual Nth-Hit and the pure data background and the
MC background are also in agreement with each other for all Nth-Hits, given the statistics of
the selected data background. Toy-MC studies confirm that the differences of the CID results
for different Nth-Hit(max) are well explained with only statistical fluctuations. Likewise,
toy-MC studies show that the selection of the number of bins for the cos ¢ histograms, as well
as the selection of the good PMTs to use for the CID analysis do not contribute a systematic
uncertainty.

The cos o shape of background is only determined by the distribution of the selected, live
PMTs relative to the positions of the Sun for the selected events. There is no cos o dependence
on the background energy as the 2!°Bi MC and ''C MC histograms are in agreement within
the large statistics of MC. In principle the external ¥ events could produce a different cos o
distribution, compared to uniformly distributed events, but a toy-MC study shows that this
effect is safely negligible given the statistics of the data. This is also confirmed through the
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comparison of the external y data at high energies with the background MC. Combining the
observations of the uncertainty studies and the fit results it can be concluded that the use of the
Nth-hit time like variable greatly helps the CID analysis, as absolute time differences between
event species become irrelevant. Likewise, using gv, and Arg;; works well enough as to not
introduce a detectable systematic uncertainty between the MC model and the data.

Following that, a number of systematic uncertainties have been identified that are relevant
for the CID analysis. First is the contribution from the uncertainty of the time constant
correction Au(PMT), applied for each PMT. Another source is the difference between CNO-v
and pep-v MC cos « histograms. Unlike the background, the neutrino signal cos o histogram
does depend on the energy. The Cherenkov over scintillation ratio increases for larger recoil
electron energies and also because the cos & shape is influenced by the energy dependent
angle of the Cherenkov cone. As such, the choice to perform the Ncno+pep CID analysis with
either the CNO-v or the pep-v MC histograms adds a systematic uncertainty. Furthermore,
there are additional neutrinos species which are not of interest and must be constrained, which
also introduces an uncertainty. These are 8B+7Be-v for the measurement of NcNospep and
additionally pep-v for the measurement of Neno.

The next category of systematic uncertainties does not directly impact the CID analysis,
but it is used for the calculation of the neutrino rate in [cpd/ 100 t] from the CID measurement
of the number of neutrino events, and vice versa. Here, the selection of the FV as well as the
N Rol introduces uncertainties, which are evaluated through calibration data and toy-MC
studies. The MLP algorithm is known to provide an exposure of 99.5% 4 1.0%, while the
uncertainty of the TFC exposure is negligible with a value of +0.02%. Overall, the total
contribution from the relevant systematic uncertainties is small compared to the uncertainty
given by the CID fit.

The last observation of these systematics studies is that Phase 1 and Phase 2+3 are
principally comparable to each other. Phase 1 and Phase 243 have been analysed independently
to cross-validate the CID method and to search for potential systematic uncertainties arising
from a change of the detector response over time, such as the loss of PMTs. A potential
difference between the phases is given by the difference in the effective gv, calibration
which is not significant and gv, is constrained independently for Phase 1 and Phase 2+3.
Furthermore, the selection good PMTs to use for the analyses and the relative PMT hit time
correction is different between the phases, as well as the uncertainties on the FV and €g. Apart
from this no systematic differences are found between Phase 1 and Phase 243, given the
investigation of pure background data, the performance of the best neutrino fit on individual
Nth-Hit cos & histograms, as well as the lack of a Nth-Hit(max) dependence of the fit results.
This shows that the CID method is also robust over time, where the detector exhibits a decrease
in position and energy resolution given the loss of PMTs and other potential changes of the
detector response. The conclusion is then that the results of Phase 1 and Phase 2+3 can be
combined as they are (conditionally) independent from each other and no prohibitively strange
behaviour has been observed between them.

The systematic uncertainties are summarised in Table 7.15 with their absolute and relative
values. The relative values are given in comparison to the expected N, at the 'Be-v edge
region and to the final result of the CID Ncno measurement. The AN, values at the "Be-v
edge region are included in the —21In(P(Ny)) pull-term and affect the gv,,, calibration only
indirectly.

7.7 Fit bias and Bayesian interpretation of the CID results

The final goal of this CID analysis is to provide a limit on the zero-neutrino hypothesis for
NcNo+pep and Neno, as well as the measurement of the CNO-v rate. For this, the production of
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gv,, calibration at "Be-v edge region

Source Phase 1 Phase 2+3

PMT time correction 0.0052nsm~! (3.7%) 0.0018nsm~! (2.1%)
AN, (AFV/EV) 67 (0.7%) 320 (0.7%)
ANy (Aefi/ Eetr) 130 (1.3%) 423 (0.9%)
AN, (MLP) 97 (1.0%) 470 (1.0%)

CNO-v measurement

Source Phase 1 Phase 2+3
PMT time correction 26 (9.6%) 63 (5.5%)
CNO-v vs. pep-v MC 14 (5.2%) 53 (4.6%)
pep+8B+7Be-v constraint 29 (10.8%) 48 (4.2%)
AFV/FV 0.7% 0.7%
A&t/ Eett 1.4% 1.4%

TABLE 7.15: Relevant systematic uncertainties for the CID analyses and the neutrino rate conversion.

confidence intervals is of great importance, but at the same time the method of their production,
as well as the correct interpretation of the CID Ay? profiles, is not trivial.

The CID analysis is performed with a y?-test between the data and the MC cos o his-
tograms, where y2 is calculated as a function of three parameters: the number of solar neutrinos
Ny, the effective Cherenkov group velocity correction gv, and the mis-reconstruction in the
initial electron direction Arg;;. This model is able to describe the data well, given the selection
of good PMTs to use, as is shown in Section 7.5 and Section 7.6.

One peculiarity of the fit is that the parameters gv,, and Arg;; only influence the shape
of the cos o histogram for the neutrino signal but not of background. The Cherenkov hits
of background events are not correlated to the position of the Sun and neither is the initial
direction of electrons from the 2'Bi background, for example. The analysis is furthermore
performed as a chain of two sub-analyses, where first N, is treated as a nuisance parameter
with a pull-term for the effective calibration of gv,,, at the "Be-v edge region and this is then
in turn used as nuisance parameter with a pull-term for the Neno+pep fit.

Last is the problem of physical boundaries present in the analysis: there cannot be a
negative number Ncno+pep and neither can there be a negative rate of CNO-v after introducing
the pep-v constraint. The relative large statistical and systematic uncertainties imply that the
physical boundaries have a real impact on the interpretation of the CID results, more so for
Phase 1 than for Phase 2+3 and most importantly for the CNO-v rate. The peculiarities of
the CID fitting procedure are investigated, exemplary on Phase 2+3, in the first part of this
Section 7.7.1. The relevant plots for Phase 1 can be found in the Appendix C.5.

As far as the production of frequentist confidence intervals is concerned it is in principle
possible to avoid non-physical regions using the Feldman-Cousins method [160], but then
the question opens up on how to treat the nuisance parameters and how to include the
systematic uncertainties as well as the pep-v constraint. For the Feldman-Cousins method it is
necessary to simulate toy-experiments, which depend on the values of the nuisance parameters.
The choice of which true nuisance values to simulate is somewhat arbitrary and different
methods have been proposed, for example using the best fit values or their posterior, likelihood
distributions [161]. A seemingly popular method for the inclusion of systematic uncertainties
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in the confidence interval production is by integrating over probability density functions which
parameterise the uncertainties [162, 163]. This marginalisation of the systematic uncertainties
is itself a Bayesian method and it is sometimes called a semi-Bayesian or hybrid method. As
such, the production of frequentist confidence intervals [164, 14] under the conditions of the
CID analysis seems possible but not trivial.

In contrast, the correct production of Bayesian credible intervals [14] seems relatively
simple, including the effect of the physical boundaries, the nuisance parameters and the
systematic uncertainties. Furthermore, the interpretation of the credibility intervals is relatively
intuitive, where the probability is interpreted as a degree of belief: how much do we think
that something is true given the evidence of the data. For example a 68.3% interval means
that the true, unknown parameter value has 68.3% chance to be inside this interval (see
[165] or other textbooks). For this reason I have decided to use Bayesian statistics for the
interpretation of the CID analysis, where the complete results are given by the posterior
distributions P(NcNo+pep | data) and P(Neno | data). The production method of the Bayesian
posterior distributions is called Acceptance Sampling Unfolding in this work and it is explained
in the second part of this Section 7.7.2, together with the equations used for the production of
the credible intervals.

7.7.1 Qualitative investigation of the fit response bias

For a given set of true parameter values t = (N{,‘“e, gvie, Argi‘;e) , the fitting procedure itself

can introduce a systematic shift on the best fit values b = (N5, gvit Arfit ), relative to t. This
fit response bias is now studied qualitatively by performing 10k toy-MC analyses, where the
simulated (true) parameters are set to certain values s = (N‘S,im, gviiﬁn,Argii‘r“). Then toy-data
is sampled from the MC cos & histograms according to s with the statistics of real data and
the analysis is performed normally, including the respective pull-terms. The Gaussian mean
of the resulting best fit distributions of interest P(Nf | s), P(gvl | s) is then compared to the
simulated values s.

Figure 7.31(a) shows the gvgf1 distribution for gvziﬁn = 0.044nsm~! (black, red) and
gvzihm =0.172nsm~! (blue, yellow) for the "Be-v region, where the simulated number of
neutrinos is set to the minimum of the —21In(P(Ny)) pull-term, N§™ = 43771. The nuisance
parameter Arzii‘r“ is set to 1.8 cm. The gv,, fit is performed with both nuisance parameters
Ny, Argir (red, yellow) and also only with gv , as a one-dimensional fit (black, yellow) to
investigate the effect of the nuisance parameters, i.e. the nuisance parameters are known with
infinite precision. As expected, the one dimensional fit without nuisance parameters produces
a more narrow distribution and the mean value of the gvgf1 distribution is in agreement with
the injected value for both configurations of the fit. This can be seen for a range of injected
gviim values in Figure 7.31(b), where Agv,, = gviil — gvsiM is in agreement with zero with
(red) and without (black) the nuisance parameters. There is no bias in the fit of gv, at the
"Be-v region, for an injected N3™ at the minimum of the Ny, pull-term.

For the Ncnospep fit the general behaviour is different, as can be seen in Figure 7.32(a).
The NE, +pep distributions are plotted for the injected values of Ngim, pep = 0 (black, red)
and Ngf\?o pep = 5974, which corresponds to a signal to total ratio of 0.0 and 1.0, respectively.
Again the NeNospep fit is performed once normally (red, yellow) and once without the nui-
sance parameters gv,,, Arg. Their injected values are set to gviiﬁ“ = 0.089nsm~ !, which
corresponds to the minimum of the y%(gv,,) pull-term and the value of Ar$i™ = 2.7cm. Now,
the inclusion of the nuisance parameters shows a clear effect for a low signal to total ratio,
where the best fit value of Ng%\lo +pep = 0 is maximally disfavoured. The fit is allowed beyond
the physical limits to illustrate this effect in Figure 7.32(a) and a double peak structure is
visible at Ng\lo pep ~ 1500, while the fit without the nuisance parameters shows a Gaussian

distribution around zero.
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FIGURE 7.31: Fit response on gv,, at the "Be-v edge region. The simulated value of N{™ is set to

the minimum of the pull-term. (a) Distribution of the fit results for 10k toy-MC analyses, where the

simulated value is set to gvziﬁ“ =0.044nsm~! (black, red) and gviiﬁ“ =0.172nsm™! (blue, yellow).

The analyses are performed once, including the two nuisance parameters Ny, Arg;, of the fit (red, yellow)

and for comparison with fixed values of the nuisance parameters and only gv,, as a free parameter

(black, blue). (b) Difference between the mean value of the ng‘] distribution and the simulated gviihm.
The mean value is estimated with a Gaussian fit.
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FIGURE 7.32: Fit response on NcNo+pep, Where the simulated value of gvig“ is set to the minimum of
the pull-term. (a) Distribution of the fit results for 10k toy-MC analyses, where the simulated value
is set to Néil‘ffo pep — 0 (black, red) and Néif\?o pep = 2974 (blue, yellow). The analyses are performed
including the two nuisance parameters of the fit (red, yellow) and for comparison only with NcNo+pep as
a free parameter (black, blue). The fit is not constrained to the physical limits (0 < Nenotpep < 5974)
to illustrate the impact of the gv,, Argir nuisance parameters. (b) Offset between the mean value of
the Ng}qo +pep/total distribution and the simulated 8{3}0 erep/total. The mean value is estimated with a

Gaussian fit performed within the physical limits of NeNo+pep-



154  Chapter 7. Correlated and Integrated Directionality Measurement of CNO-Neutrinos

Figure 7.32(b) plots the relative difference ANcNO+pep / Niota against the injected value.
Here, ANcNO+pep = Nk +pep — Ngim +pep 18 calculated as the difference between the Gaussian
mean and the injected value. The Gaussian fit is performed only within the physical limits
0< NCNO pep = < 5974. While the one dimensional fit (black) of only NcNo+pep shows a good
agreement with zero for all simulated values N3\ +pep’ the normal analysis including the
nuisance parameters (red) shows a significant bias for low signal to total ratios. The lower
the number of Né‘{\?o +pep the bigger is the bias towards a higher fitted number of neutrinos
NCNO +pep- FOI' @ gvs‘m value set to the minimum of the pull-term the bias stops after a signal
to total ratio of ~ 0.4, corresponding to NcNo+pep ~ 2400 in Phase 2+3 which is also true for

Phase 1, where a signal to total ratio of 0.4 corresponds to Neno+pep ~ 1200.
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FIGURE 7.33: Distribution of the fit results for 10k toy-MC analyses of NcNo+pep, Where the simulated

gvz‘ﬁ“ is set to the minimum of the pull-term. Three simulated NcNo+pep values are shown, with

NCNO+pep = 0 (left), NCNO+pep = 2987 (middle) and NCNO+pep = 5974 (right). (a) NCNO+pep VS. Vi
(b) NcNO+pep VS. Argir.

The bias at low signal to total ratios comes from the asymmetrical influence of the nuisance
parameters on the CID neutrino signal compared to the CID background. As a consequence
larger neutrino ratios effectively increase the degrees of freedom of the analysis up to a point,
because gv,;,, Argir only influence the cos o shape of the neutrino events. Fitting close to pure
background means that the analysis effectively only has a single degree of freedom: signal
vs. background, while (incorrectly) increasing the absolute value of NCNO +pep Scales up how
much the cos @ histogram is influenced by gvch, Argir. Thus, for a low number of injected
neutrinos éil{?o +pep the fit prefers to increase NCNO +pep S random noise in the toy-data cos o
histogram can then be better fitted through the increased impact of gv,,, Argir on the MC cos o
histogram used for the fit.

This can be seen in Figure 7.33, where the distribution of NC is plotted against

NO+pep
gvCh (7.33(a)) and Ardlr (7.33(b)), for three different values of CI‘\?O +pep: corresponding to
signal to total ratios of 0. 0 0.5 and 1.0. The injected values of the nuisance parameters are
again gVZ‘ﬁn = 0.089nsm™ ", which corresponds to the minimum of the gv , pull-term and

Arcsillfrn 2. 7cm. For the snnulatlon of pure background éll’\?o +pep — 0 there is no correlation

between gvit, Arfit and N, +pep- Lhe distribution of gvilt is constrained by the pull-term, but
broadens for larger absolute values of NCNO +pep’ while the distribution of Ar . 1s unconstrained
and does not depend on N2, +pep> S1VEN NEim s +pep = 0- Arbitrary values of gvch, At can fit
the injected, pure background better by using a larger absolute value of N, CNO +pep- LOT larger
values of the simulated number of neutrinos there is a clear anti-correlation visible between
the gvch, Ardlr and NCNO +pep? where the anti-correlation increases for increasing N(SJ‘I?O +pep®
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This is expected, as the analysis is effectively a counting of the early Cherenkov hits
and corresponding them to a total number of neutrinos events. Increasing the value of gvgﬁ
corresponds to a higher ratio of early Cherenkov hits per neutrino event, for a given number
of Cherenkov hits in the toy-data, and consequently less neutrino events are needed to explain
the fixed number of toy-data Cherenkov hits.
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FIGURE 7.34: Fit response of the respective parameters of interest, for simulated nuisance parameters
which are offset from their pull-term minimum. The simulated values of the nuisance parameters are
bigger than the minimum of the pull-term for the yellow graph and smaller for the blue graph. (a)

Difference between the mean value of the gvfil distribution and the simulated gvsi™. (b) Offset between
fit

the mean value of the Ngyq erep/total distribution and the simulated Ngf\?o +pep/total.

The anti-correlation of the fit parameters with each other has the effect, that the pull-terms
also influence multiple fit parameters and not only the single parameter on which the pull-term
is explicitly applied. For the "Be-v region analysis of gv, this means that if the best fit
value of Nt is offset from the minimum of the N, pull-term, then gvgfl will be also shifted
relative to the true value of gvi}lm. For the CNO+pep-V region analysis of NcNo+pep the same
is true if now gvill is offset from the minimum of its gv, pull-term. This behaviour is shown
in Figure 7.34(a) for the "Be-v region and in Figure 7.34(b) for the CNO+pep-Vv region
analysis. An increased N3™ is pulled to lower Nt values and thus gvi! is also increased.

These biases are relatively symmetric around zero for the region around gv,,, = 0.089nsm™!,

which suggests that they cancels each other for a symmetric gviiﬁn region around the best fit.
This means that for the calibration of gv, the fit procedure itself is unlikely to introduce a
bias. Again, this looks very different for Ng}\IO +pep? where simglated low signal to total ratios
are systematically fitted to larger values for both values of gvi" and these pull-term induced
biases on Ng&o +pep Ar€ symmetric around zero only for a signal to total ratio larger ~ 0.4.
To summarise this section: The overall CID fit procedure has three peculiarities that give
rise to a complex fit response which introduces a bias for the measured number of CNO+pep-v

fit : .
events Niyo +pep relative to the true value:

* The fit parameters gv,, and Arg;; only influence the shape of the cos & histogram of
the neutrino signal, but not of background. Low signal to total ratio fit values are
disfavoured up to a point, because a higher fitted ratio has effectively a larger degree of
freedom to fit noise.

» All three fit parameters have a (anti-)correlation between each other in the fit. The
size and sign of the correlation factor depends on the event statistic and on the true,
underlying values of the parameters.
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* The two pull-terms for the effective gv, calibration and NcNo+pep measurement fulfill
their function by pulling the relevant fit parameters towards the minimum of the pull-
term histogram. Because of the (anti-)correlations between the fit parameters this means
that all parameters are influenced by the pull-term in some way.

Under optimal circumstances the effect of pull-terms and correlations of the nuisance
parameters does not introduce a bias for the credible intervals from the Ay? profile, as
normally the pull-term bias is symmetric and averages out over the (posterior) likelihood
distribution. The pull-term is effectively just the prior of the relevant parameter. This is
likely the case for the gv, calibration at the "Be-v edge region. The reason that here no fit
bias is expected is that the expected N, /total ratio is relatively large, with relatively small
uncertainties with ~ 48.6% + 4% for Phase 1 and ~ 74.5% =+ 6% for Phase2+3 and as such
the asymmetric influence of the signal to total ratio can be expected to be only small for
Phase 1 and certainly negligible for Phase 2+3. This is different for the CNO+pep-V region,
where the previous fit, without systematic uncertainties, gives ratios of ~ 22.0% =+ 7.6%for
Phase 1 and ~ 47.2% =+ 8.5% for Phase 2+3. Due to the relatively large statistical uncertainty
here, the estimated region of the underlying Ncno+pep posterior distribution goes well below
the ~ 40% ratio, for which the signal to total bias quickly increases and so the fit bias is
expected be non-negligible. Thus, it is not possible to use a simple calculation of the likelihood
distribution P = exp(—%sz), normalise it and recalculate the credible intervals within the
physical boundaries. It is necessary to first unfold the fit response, quantify and correct the
fit bias to produce the correct posterior distribution of NJ\y, +pep’ which is explained in the
following section.

7.7.2 MC sampling of the posterior: Acceptance Sampling Unfolding

This section explains the production of the Bayesian posterior distribution through the so
called Acceptance Sampling Unfolding. Let t = (N3, gv'™®, Ariie) be the set of the true,
underlying parameters that give rise to the CID data. Typically t is smeared by the finite
statistics of data and the analysis then results in a set of best fit values b = (Nf,‘“7 gvglg, Argi‘r)
which provide the best description of data using the MC model. The posterior distribution
P(t | data) is then given by Bayes’ theorem:

P(data | t)7(t)

Plt] daw) = T a(0)at @7

Where "data" means the cos o histograms of data. In the case of the CID test statistic
(Equations 7.5, 7.6) the posterior is expressed as a Ay? profile and the priors 7(t) = (Ny) -
7(gvey) - w(Argir) are implemented as pull-terms on Ny and gv, for the respective analyses.
The other parameter priors are effectively uniform distributions, bound by the parameter space
that is scanned for the analysis.

Because the best fit results b MC histograms are able to reproduce the data cos & shape
well, b can be used as an estimate on the most likely parameter values that give rise to the data
cos & histograms. As the fit procedure itself introduces a systematic bias on b, relative to t°,
it follows that the simple Ay? likelihood is not a correct estimation of the posterior distribution.
This bias can be expressed as a response matrix M, which transforms t°**! into b = M>e
To reconstruct or unfold t***! from the measured values of b we could use toy-MC studies to
produce the three dimensional matrix M. This would be done by scanning the true parameter
space with a certain binning and then measuring the bias of the fit parameter space, as has
been done for example in Figure 7.31(b) for only one dimension. Then M could be inverted
to produce an estimate t = M~'b. Applying M~ on all possible parameter values makes it
then possible to construct a bias corrected posterior distribution. This process is potentially
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complex, tedious to perform and could itself introduce a systematic bias based on the algorithm
used for the matrix inversion, such as the choice of bin width and the interpolation method
between the bins.

Instead, here a method of estimating the posterior distribution of t is applied in which
neither the explicit knowledge of M, nor a matrix inversion is necessary. This method is called
Acceptance Sampling Unfolding (ASU) and an idea very similar to ASU is expressed in [166],
where it is called Unfolding by Folding. Ultimately, the ASU method is simply the estimation
of the posterior distribution through toy-MC sampling:

1. A sample of CID parameters ti™ = (Nf,im7 gVZLm, Arzii‘:‘) is randomly selected from their
independent prior distributions 7(Ny ), T(gv.y,), T(Ardir).

2. The corresponding toy-data cos & histograms are sampled with the statistics of the
true data from the full signal and background MC cos & histograms, according to the
randomly selected CID parameters t*™.

3. The analysis is performed in the same way as for real data, including the relevant
pull-terms. Each toy-analysis provides a set of best fit values b*™, which are compared
to the measured best fit result of real data b%2,

4. The parameter values of t™ are accepted and saved in a histogram, if and only if
bs™m = bd2@ 1 ¢ where € is a set of parameter values that defines the acceptance region
around b%®, The size of € is given by the relevant values of the systematic uncertainties
for each CID parameter. The acceptance region is fuzzy and modeled as a Gaussian,
meaning the t™ is only accepted with a certain probability given by the standard
deviation €.

5. The toy-analyses are performed 4000 times for the "Be-v edge region and 20k times for
the CNO+pep-V region to produce a distribution P(t5™ | b$i™ = pdata),

The best fit results b MC histograms are able to reproduce the data cos ¢ shape well, so
the use of P(t™ | b¥™ = b422) a5 an estimate for P(t*™ | data) is a reasonable approximation,
as otherwise the exact reproduction of the 17 - 60 = 1020 cos & histogram bin entries through
random sampling would take too long. The selection of the prior distributions from which to
sample the CID parameters is as follows: At the "Be-v edge region Ni™ is sampled according
to the allowed neutrino distribution, while gv,;, is sampled uniformly within —0.012nsm~! <
gV, < —0.228nsm~! and Ary;; is sampled uniformly from 0.0 cm to 4.0 cm. At the CNO-+pep-
V region gvziﬁ“ is then sampled from the marginalised posterior distribution of the gv,
calibration. NcNo+pep 18 sampled uniformly within the physical boundaries 0 < Neno+pep <
2990 for Phase 1 and 0 < NcNotpep < 5974 for Phase 2+3 and Arg;; is sampled uniformly
from 0.0 cm to 6.0 cm. The choice for Aryg;, is informed by the physical limit at 0.0 cm, as the
position reconstruction algorithm can only introduce a systematic mis-reconstruction in the
direction of the early Cherenkov hits, while the upper limit is at most given by total position
resolution of ~ 12cm. A smaller maximum value is chosen to speed up the simulation, as
the contribution of toy-analyses with Ar§i™ > 6.cm are safely negligible given the statistics of
the ASU simulation. A larger selected Arzii‘g‘ region does not change the results. The same
argument is used for the selection of the uniform gvzihm prior at the "Be-v edge region, for
which otherwise no physical limit is assumed.

In this way the ASU method produces a distribution P(t™ | b93?) of the simulated,
underlying CID parameters t*™ that are able to reproduce exactly the measured best fit CID

results b9 Therefore, the distribution of 5™ is an estimator on the true distribution of the
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CID parameters t and the distribution of gv,;, or NcNo+pep 18 Obtained through marginalisation:
P(tsim | bsim — bdata) _ P(t | bdata)
P(chh | bsim — bdata) — //P(tsim | bsim — bdata) de dArdir (7‘8)

P(NCNO+pep ‘ bsim — bdata) _ //P(tsim ‘ bsim — bdata) dchh dArdir

The advantage of ASU is that there is no direct matrix inversion involved and because
the method takes into account the full fit response for every possible combination of the
CID parameters it cannot introduce any bias to the distribution P(t5™ | b$™ = b'™¢). This
distribution can then be used to construct the unbiased credible intervals and corresponding
Gaussian equivalent Ay profiles for the parameters of interest.

The treatment of the nuisance parameters is a simple marginalisation and the inclusion of
the systematic uncertainties also follows from the automatic marginalisation of the Gaussian
acceptance region with the standard deviation €. The implementation of the Nsg , 7., correction,
as well as the Npep constraint, can either be done during the ASU simulation, where these
parameters are sampled according to their correction values and uncertainties, or it can be
done after the ASU simulation through a Gaussian convolution. The ASU method is also used
in the previous Section 7.6.1 for the production of conditional probability distributions, used
for the study of the systematic uncertainty from the Nth-Hit(max) selection.

7.7.3 Equations used for the final results

The full result of the CID analysis is the posterior probability distribution P(t|data). The
problem is that the ASU distribution can only be produced with a finite number of simulations,
which means that it cannot be used for the production of credible intervals or exclusion limits
with probabilities that are small compared to the statistics of the ASU. To solve this problem
the ASU distribution is fitted with a single parameter 3 that represents a simple shift of the
Ay? corresponding likelihood distribution P(AXZ(NCNOJ,pep)) = exp (—%sz (NCN0+pep)):

Bt = argmin {—ZZln (Poisson (P(n | pdaa) | norm - P(AXZ(” — ﬁ)))) } (7.9)
B n

P(NcNospep | data) = norm - P(Ax* (Nenowpep — B™)) (7.10)

Here, B is the value of the fit response bias and it has an uncertainty that depends on
the simulated ASU statistic. The same procedure is also used to fit P(Ncno | data), where
Bt corresponds to the sum of the bias and the mean value of the Npep constraint.

From this fit of the posterior distribution it is possible to calculate all probabilities p within
the physically allowed 0 < NcNo+pep < Niotal T€gion. The probability p can then be expressed
as a fraction 6 of the standard deviation for the same probability of a Gaussian distribution
and the corresponding x? value for a single degree of freedom. These &, %2 values can be
calculated numerically from the Gaussian cumulative distribution ®(§) and the 2 cumulative
distribution F (x?), respectively:

p=2®(8)—1=F(x*|ndf=1)

5 = 52 (7.11)

Using the posterior distribution it is possible to perform a hypothesis test between the
HZ-SSM and LZ-SSM as P(HZ-SSM | data)/P(LZ-SSM | data), where each probability is
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given by the multiplication of the expected SSM distribution and the posterior:

Nootal
P(SSM | data) = Y P(n | data) - P(n | SSM) (7.12)
n=0

While the full result of the CID analysis is the posterior distribution it is necessary to
communicate the results as credible intervals to make sense of them. For the exclusion of the
zero-neutrino hypothesis this is a simple one-sided credible interval. On the other hand here the
production of two-sided credible intervals is ambiguous, as the physical boundaries effectively
introduce a skew and the peak (mode), mean and median of the posterior distribution are
different from each other. For this reason two different credible interval definitions are used
here. First, the equal-tail (ET) credible interval for a probability p is defined such, that the
same probability 0.5(1 — p) is on the left side and on the right side outside the interval. The
central value of the ET-CI is the median of the posterior distribution, which is the minimum
value of the equivalent 8, x? distributions. For a number of neutrinos N the corresponding
credible interval probability pET(N) is calculated as:

Ivtntal
PET(N) =1 —2m1n{ZP n | data) Z P(n| data)} (7.13)
n=0 =N

The other definition is the highest density (HD) credible interval which is the narrowest
interval as it includes the values of highest probability density. This HD-CI always includes
the peak of the posterior, the minimum values of the equivalent A, 2 correspond to the highest
probability. For a number of neutrinos N, N, around the peak, which must have the closest
probability to each other P(N; | data) = P(N, | data), the CI probability pHP(N) is:

Ny
PP (N1) =p"™P(N) = Y P(n|data) (7.14)
n=Nj

The last thing to consider is the calculation of the CNO-v rate R from the number of
neutrinos N. This is done by using the effective exposure factor f, which is the product of the
detector live time, TFC-exposure, fiducial mass and energy efficiency &g of each phase. For
Phase 1 this factor is f; =42.5-100t days and for Phase 2+3 itis fp43 =158.2-100t days. The
posterior distribution of the CNO-v rate P(R) then follows from the law of total probability:

Nootal Niotal f R)l’l — fR)

= Z P(n)-Poisson (n | f R) = Z P(n (7.15)
n=0

Effectively, this Equation 7.15 corresponds to the simple scaling R = n/ f of the x-axis, for
expected values smaller than the total number of measured data events f R < Nyota. This is
different for the calculation of the combined CNO-V rate posterior distribution P(R;243),
which is correctly given by the law of total probability using the independent posterior
probability distributions of Phase 1, P (n;) and Phase 2+3, P>, 3(n23)), i.e. a two dimensional

marginalisation over 71 and ny 3 °:

1 243
N, total N, total

P(Riy23) =Y, ), Pi(m)-Pr3(nai3)-Poisson (m +nais | (fi+ f243) R)  (7.16)

n1=0 ny43=0

OThis can also be written as a one dimensional equation, after the convolution Py (n) * Poy3(n) = Pio43(n).
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7.8 Final results

In this section the full CID analysis chain performed for a last time, including all relevant
systematic uncertainties and with the correction of the fit response bias. The results are
presented as Gaussian equivalent Ay? profiles, which take into account the physical limits of
the corresponding parameters. Here, the plots are only shown for Phase 243 and the relevant
plots of Phase 1 can be found in the Appendix C.6.

7.8.1 Calibration of gv,

Phase 2+3 ngh sz profile Phase 2+3 LA probability distribution
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FIGURE 7.35: Final results of the gv, calibration for Phase 2+3. (a) Resulting sz(gvch) profile

including the systematic uncertainties (red), with ¥ /ndf = 1036.2/1017, p = 0.33. The best fit value is

gve, =0.089+0.019nsm™". (b) The ASU distribution of gv,;, (black) for 4000 toy-analyses compared
to the likelihood distribution (red) of the Ay? profiles. There is no fit response bias.

The gv,, calibration of the "Be-v edge region is performed as described in Section 7.5.1
and the result is shown in Figure 7.35. The red Ay? profile in Figure 7.35(a) is produced
with the —21In(P(Ny)) pull-term that now includes the systematic uncertainty on the FV and
&g, while Ay? now explicitly includes the systematic uncertainty from the propagation of the
uncertainty on the PMT time constant correction Au(PMT). The black, dotted line shows the
Ay? profile without these systematic uncertainties and it can be seen that their contribution is
relatively small. The absolute performance of the fit is good, with a y2/ndf = 1036.2/1017,
p-value = 0.33 and the best fit values are b%@ = (Nfit = 40140, gviil =0.0894nsm~!, Arfll =
1.65cm). The acceptance region € is given by the systematic uncertainty propagated from
AU(PMT), £ = (N;* = £247, gvi¥* = £0.0018nsm™!, Ary* = +£0.01cm).

These values are used to produce the black ASU distribution in Figure 7.35(b) with
4000 toy-MC analyses. The ASU distribution is compared to the red probability distribution
P= exp(—%A}(Z), from the corresponding Ay? profile of the CID data analysis. As expected,
both distributions are well in agreement with each other and the difference between the
mean values is A(gv,,) = (0.000140.0003)nsm~'. A possible fit response bias can only be
negligibly small, which is also the case for Phase 1.

The final result of the gv,;, calibration is gv,, = 0.089 £0.019nsm~! for Phase 2+3 and
gv, = 0.140+0.029nsm~! for Phase 1, where the uncertainty is given by the Gaussian
68.3% CI, corresponding to Ay? = +1. These results differ by 1.50 and are used separately
for Phase 1 and Phase 2+3 in the Ncno+pep analysis to include possible systematic differences
of the detector between Phase 1 and Phase 2+3. The results are summarised in Table 7.16:
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Fit bias [nsm_l] (gvy, =L stat. = syst.) [nsm_l]
Phase 1 (14£3)10°* 0.1404 £0.0278 4-0.0058
Phase 2+3 | (—1+4)107% 0.0894 £0.0178 4-0.0043

TABLE 7.16: Results of the gv,, CID analysis with systematic uncertainties. The fit performance is
x%/ndf = 874.9/897, p = 0.70 for Phase 1, x*/ndf = 1036.2/1017, p = 0.33 for Phase 2+3.

7.8.2 Measurement of NcNO+pep
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FIGURE 7.36: Final results of the Ncnospep measurement for Phase 2+3. (a) The ASU distribu-
tion of NeNo+pep With 20k toy-analyses (black), compared to the nominal likelihood distribution
exp(— %AXZ(NCNO+pcp)) (blue) and the distribution, corrected for the fit response bias (red). The latter
is the posterior distribution P(Ncno+pep | CID data) for the probability of the true, underlying number
of neutrino events. The 68.3% CI for the LZ-SSM and HZ-SSM is shown as a cyan and magenta
band, respectively. They include the systematic uncertainties of FV, E.. (b) The equal-tail credible
intervals of NcNospep, represented in a Gaussian equivalent Ay? profile (solid line). The corresponding
68.3% CI (NEITJO pep = 265025? ) is shown as a grey band. For comparison the Ay? profile without
systematics and with fixed nuisance parameters is also shown (dotted line).

The sz(NCNoerep) analysis is performed again, as described in Section 7.5.2, including
all relevant systematic uncertainties. The absolute performance of the fit is good with a
x*/ndf = 1000.7/1017, p = 0.64 and the mean values of the best fit results from the PMT time
constant correction systematic are b%2? = (N(ﬁ:}\IO +pep — 2805, gvgt =0.0965nsm ™!, Argitr =
2.69cm). The relevant systematic uncertainties are used to define the ASU acceptance region
as € = (Nowo +pep = 88, gvil* = 40.0015nsm ™!, Ar™ = +0.03cm). The uncertainties on
the FV and &g are not included here, as they are only relevant for the neutrino rate, but not for
the number of neutrinos.

These b%?, £ values are used for the production of the black ASU distribution in Fig-
ure 7.36(a), including the 8B+"Be-Vv subtraction. The comparison with the Ay? corresponding
likelihood distribution in blue clearly shows the expected fit response bias 8, which is quanti-
fied according to Equation 7.10 with a value of § = —109 44 for Phase 2+3 and f = —50+4
for Phase 1, where the uncertainty comes from the finite statistics of the ASU distribution.

The shifted Ay? likelihood distribution describes the simulated ASU distribution well.
The xz—test between the distributions for a binning of ANcNo+pep = 10 and > 10 entries
per bin results in x?/ndf = 253.5/243, p-value = 0.31, while a binning of ANcNO+pep = 20
results in 2 /ndf = 127.0/134, p-value = 0.63. As such, the estimation of the posterior
distribution P(Ncno+pep | CID data) can be considered valid. This leads to the posterior
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probability for zero neutrino events P(Ncnospep = 0 | CID) = 1.5+ 1010 for Phase 2+3
and P(Neno+pep =0 | CID) =3.5- 10> for Phase 1, which corresponds to an exclusion of
the zero-neutrino hypothesis with 6.4c and 4.10, respectively. The 68.3% CI for the HZ-
SMM and LZ-SSM are also shown in Figure 7.36(a) and the probability of these models is
P(HZ | CID)/P(LZ | CID) = 0.060%/0.043%, which means that the HZ-SSM is 1.4 times
more likely to be true than the LZ-SSM, given the CID data of Phase 243, while for Phase 1
the value is 1.04.

Figure 7.36(b) shows the equal-tail credible intervals, represented as a Gaussian equivalent
Ay? profile for Phase 2+3. The impact of the physical boundaries can be seen as an increasing
slope at the edges. The dotted line shows the Ay? profile for a posterior distribution without
systematic uncertainties and without the effect of the nuisance parameters, which are fixed to
their best fit values and without their marginalisation. This shows the asymmetric influence of
the nuisance parameters, as an increased signal to total ratio generates a bigger systematic
uncertainty.

The final 68.3% (10) credible intervals with all relevant systematic uncertainties are
summarised in Table 7.17. The equal-tail and high density CI definitions give only a small
difference here.

Fitbias | P(0|CID) P(LZ|CID) P(HZ|CID) | N&Nospep NENO+pep

Phase | | —504+2 | 3.5-107°  0.163% 0.170% | 62633,  613%33!

Phase 2+3 | —109+4 | 1.5-107'0  0.043% 0.060% | 2650732 2626732

TABLE 7.17: Results of the Ncnospep CID analysis with systematic uncertainties. The fit performance
is x2/ndf = 884.8/897, p = 0.61 for Phase 1, x?/ndf = 1000.7/1017, p = 0.64 for Phase 2+3. The
NcNo+pep uncertainties correspond to the equal-tail (ET) and highest density (HD) 68.3%CI (10).

7.8.3 Measurement of the CNO-vV rate
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FIGURE 7.37: Final results of the Ncno measurement for Phase 2+3. (a) The ASU distribution of Neno
with 20k toy-analyses (black) and the corresponding posterior distribution P(Ncno | CID data) (red).
The 68.3% CI for the LZ-SSM and HZ-SSM is shown as a cyan and magenta band, respectively. (b)
The equal-tail CI of the CNO-V rate Rcno, represented in a Gaussian equivalent Ay? profile. For Phase
1 (red) and Phase 2+3 (blue), with the corresponding 68.3% CI Rcno (Phase 1) = 6.43% (cpd/1001),

Reno(Phase 2+3) = 7.3734 (cpd /100 t).
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The production of the ASU distribution for the number of CNO-vV events Ncno uses the
same b%@ ¢ values for NcNo+peps Where the number of pep-v events Ny is constrained. Npep
is sampled according to the SSM expectation, including the model uncertainty, as well as
the uncertainties from the FV, &g, and the HZ-SMM and LZ-SMM values are selected with
equal probability. Then the number of CNO-v events Neno is sampled from 0 < Neno <
Niotal — Npep- Effectively this is the same as the convolution of the P(NcNo+pep | CID) posterior
with the distribution of the expected (negative) number of pep-Vv events.

Figure 7.37(a) shows the Ncno ASU distribution in black for Phase 2+3, where the
number of entries at Neno = 0 is 1/20k = 5.0 - 107> for Phase 2+3 and 25/20k = 1.25- 1073
for Phase 1 (C.19(a)). The ASU estimated posterior distribution P(Ncno | CID) is shown in
red, and given the CID data of Phase 2+3, results in a probability for exactly zero CNO-v
events of P(Ncno = 0 | CID) = 5.78 - 10~>(= 1.16/20k), which corresponds to a one-sided
exclusion of the zero CNO-v hypothesis with > 4c. For Phase 1 this value is P(Neno =0 |
CID) = 1.35-1073(= 27.0/20k) corresponding to a one-sided > 30 exclusion. Both posterior
probabilities are well in agreement with the estimations from the ASU distributions. The
probability that a true, underlying number of exactly zero CNO-V events is responsible for the
measured data cos o histograms in both Phase 1 and Phase 243 is given by the product of Phase
1 and Phase 2+3 as P(Ncno = 0 | Phase 1 and Phase 2+3) = 7.80- 10~%. This means that the
zero CNO-v hypothesis can be excluded with 5.3c. This value depends on the assumptions
made on the correction and systematic uncertainties from the number of non-CNO neutrinos.
It is therefore assumed to be a slightly conservative estimation, as the uncertainty from pep-v
vs. CNO-v MC is included, as well as the statistical uncertainty on the expected number of
pep-V events.

The Neno 68.3% CI for the HZ-SMM and LZ-SSM are also shown in Figure 7.37(a)
and the probability of these models is P(HZ | CID)/P(LZ | CID) = 0.062%/0.042%, which
means that the HZ-SSM is 1.5 more likely to be true than the LZ-SSM, given the CID
data of Phase 2+3, while for Phase 1 the value is 1.03. The Ncno posterior distributions
of Phase 1 and Phase 2+3 result in 68.3% credible intervals of Ngglo(Phase )= 270f%%i,
NER(Phase 1) = 208" 38 and NET(Phase 2+3) = 11461330, NHD  (Phase 2+3) = 11157350
The calculation from the number of CNO-v events Ncno to a neutrino rate R is given by
Equation 7.15.

Figure 7.37(b) shows the ET-CI of the CNO-V rate Rcno for Phase 1 and Phase 2+3 in
red and blue, respectively, represented as a Gaussian equivalent Ay profile for Phase 2+3.
The impact of the physical boundary can be seen for the ET-CI, where value of Ay? increases
for Reno — 0. As the posterior distribution is bound by Reno > 0 the probability for the true
CNO-v rate to be outside the ET-CI also goes to zero when Rcno goes to zero. Consequently,
the ET-CI representation in units of Ay? diverges to infinity for values of Reno getting closer
to zero. The HD-CI in Appendix C.19(b) does not show this effect, as it only makes a
statement about the probability of Rcno being inside the CI. It does not make a statement on
how probable is is to find Reno on the left of the HD-CI, relative to the probability to find
it on the right side of the HD-CI. Instead the HD-CI corresponding Ay? profile exhibits a
kink, where the lower boundary of the CI has reached the minimum rate of zero cpd/100t.
The final 68.3% (10) credible intervals of Rcno with all relevant systematic uncertainties are
summarised in Table 7.18.

Figure 7.38(a) shows the posterior density function for the combined CNO-v rate of Phase
1 and Phase 2+3, which is calculated according to Equation 7.16. The black line shows the
posterior density function’ including the systematic uncertainties, while the dotted line shows
a hypothetical density function without systematic uncertainties and without the influence of

7Please note that the number of neutrinos is a non-negative integer providing a probability distribution for each
individual number value, while the neutrino rate is a non-negative real number, with a probability density function.
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Combined CID CNO-v rate posterior distribution Comparison of CID and #°Bi constrained MV fit results
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FIGURE 7.38: The final result of the Phase 1 and Phase 2+3 combined CNO-V rate Rcno, with REL =
(7.23:?) (cpd/100t). (a) The CNO-v rate posterior density function with all relevant systematics
(solid line) is compared to the (expected) PDF without systematic uncertainties and without the effect
of the CID nuisance parameters (dotted line). The 68.3% CI for the LZ-SSM and HZ-SSM expectation
of the CNO-v rate is shown as a cyan and magenta band, respectively. (b) The comparison of the CID
measurement of the CNO-V rate (black) to the CNO-V rate from the multivariate fit with the 2!°Bi
constraint (red) [45]. The 68.3% equal-tail CI of the CID measurement is shown as a grey band, while
the 68.3% CI of the MV fit is shown in red with R¥\, = (6.715:2) (cpd/ 1001).

the nuisance parameters, which are fixed here to their best fit values. The 68.3% CI for the
LZ-SSM and HZ-SSM is shown as a cyan and magenta band, respectively. This results in a
probability ratio for these models of P(HZ | CID)/P(LZ | CID) = 0.107%/0.062%, where
the HZ-SSM is 1.7 times more likely to be true than the LZ-SSM, given the combined Phase 1
and Phase 2+3 CNO-neutrino rate posterior distribution.

The equal-tail and highest density 68.3% (10) credible intervals are:

* Reho = (72133 (stat) ' 53 (syst) 15 = (7:2135) 15,
* RfRo = (7.0233 (stat) 753 (syst) iy = (7:0133) 1y

These credible intervals are dominated by their statistical uncertainty and the positive
systematic uncertainties are larger than the negative systematic uncertainties because of the
asymmetric impact of the nuisance parameters on the neutrino signal MC cos o histograms,
while they do not impact the background MC histograms. The two-sided 50 ET-CI is
0.008 (cpd/100t) < Reno < 22.795 (cpd/ 100 t).

Figure 7.38(b) shows the Gaussian equivalent Ay? profile of the ET-CI of the combined
CID analysis in black, in comparison to the improved measurement of CNO-V rate using
the 2!Bi constrained multivariate fit [45] in red. Both the CID and MV fit results are
fully in agreement with each other. The MV fit has smaller uncertainties with a 68.3% CI
of RI&% = (6 72 0) (cpd/100t) and also a more significant exclusion of the zero CNO-v
hypothesis at about 70 CL [45]. It is interesting to note that the CID uncertainties are only
bigger by a factor of 3.4 for the negative uncertainty and 1.5 for the positive uncertainty. The

final CID results on the CNO-neutrino rate Rcno with all relevant systematic uncertainties are
summarised in Table 7.18.

7.9 Conclusion and outlook

In this chapter the Correlated and Integrated Directionality (CID) has been applied on the
energy region for which CNO+pep-V events are expected to dominate the signal contribution.
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RET RHD
Results | P(Neno =0 |CID)  P(LZ|CID) P(HZ|CID) CNO CNO
[cpd/100t] [cpd/100t]
Phase 1 1.35-1073 0.198% 0.204% 6.4731 4.9M43
Phase 2+3 5.78-1073 0.042% 0.062% 7.313% 7.0133
Combined 7.80-107% 0.062% 0.107% 7.2133 7.0133

TABLE 7.18: Results of the CNO-v rate CID analysis with systematic uncertainties. The uncertainties
correspond to the equal-tail (ET) and highest density (HD) 68.3% credible intervals.

The goal has been to provide a measurement on the number of CNO-+pep-neutrinos NcNo+peps
as well as a measurement of the CNO-v rate where pep-V is constrained to the SSM expected
value. For this purpose the CID analysis has been significantly improved, relative to the
previous measurement of 'Be-neutrinos.

The two data sets of Phase 1 and Phase 243 are investigated and analysed independently,
to search for a potential systematic uncertainty related to the change of the detector response
over time. The data is selected in a optimised fiducial volume and a foeo region of interest, to
maximise the expected neutrino signal over background ratio. This includes the application of
the TFC-cut to minimise the contribution of cosmogenic !'C. Likewise, the CID parameters,
namely the number Nth-Hit(max) cos o histograms and the binning of the those histograms,
are selected to optimise the sensitivity of the CID analysis. This is done by maximising the x2-
test difference between the pure background and pure neutrino signal MC cos & histograms.
Here, a value of Nth-Hit(max) is chosen which is larger than what is necessary to fully
include the information of the direct Cherenkov hits on the PMTs. The reason for this is that
the systematic mis-reconstruction in the initial electron direction Argj, contains the indirect
information of the Cherenkov hits, as they systematically influence the position reconstruction.
This effect has a noticeable impact on the cos & shape of the scintillation hits, which then
propagate this indirect Cherenkov hit information to much later Nth-Hits than the information
provided by the direct Cherenkov hits

As the CID analysis is based on the time ordered Nth-Hits of the events on the PMTs it
is necessary to select PMTs with a good hit time behaviour and deselect PMTs that exhibit
systematic differences between the data and the MC model. For this selection the TFC-tagged
C region is used, where the time-of-flight corrected hit time distribution of each individual
PMT is fitted. Systematically incompatible PMTs are easily identifiable by their different
fit results. This analysis also provides a correction of the relative hit times between the data
PMTs, which is necessary to minimise systematic differences between the data and MC CID
cos & histograms. The PMT selection and hit time corrections are applied individually on
Phase 1, Phase 2 and Phase 3, to take into account the changing detector response over time
due to the loss of live PMTs.

Another improvement of the CID analysis here is the calibration of the effective Cherenkov
group velocity correction gv,,, on the high statistics ’Be-v edge region. This means, that
the neutrinos themselves are used to calibrate the Cherenkov hit time behaviour between the
data and the MC. The effective calibration results of gv,,(Phase 1) = 0.140+0.029 nsm ™!,
gv,(Phase 2+3) = 0.0894+0.019 nsm~! show a 1.50 difference between Phase 1 and Phase
2+3 and they have a substantially smaller uncertainty, compared to the calibration using
y-sources gv,,(y-sources) = 108 +-0.039 nsm~!. Using the gv,, results independently is a
conservative approach, as the statistical uncertainty for a combined calibration would be
smaller, but it potentially takes into account systematic differences between Phase 1 and Phase
2+3, should they exist.
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The systematic uncertainties of the gv,, calibration and Ncno+pep Mmeasurement are inves-
tigated independently for Phase 1 and Phase 2+3, which allows a thorough examination of the
CID systemics on two independent energy regions and two independent time periods. There
is an effort to perform the estimation of the systematic uncertainties in a reasonable manner
and not maximally conservative, which makes an in-depth examination necessary. For this
purpose, toy-MC studies are performed for the production of conditional probability distribu-
tion to investigate the Nth-Hit(max) selection, PMT selection and histogram binning selection.
The results of these studies is that all these selections do not contribute to the systematic
uncertainties. Likewise, the different background species of 2'°Bi, ''C, and external 7’s do not
contribute a systematic uncertainty, as they are indistinguishable in their cos & distributions,
given the statistics of the data. In this regard, the CID is more robust than the multivariate
(MV) fit, as all background species look the same and are well distinguishable from the cos o
distribution of the neutrino signal.

The relevant systematic uncertainties come from the difference in the energy distribution of
CNO-v and pep-V events and the uncertainty of the relative data PMT hit time correction. The
different neutrino recoil-electron energies result in a slightly different Cherenkov/scintillation
ratio of the neutrino events, as well as a slightly different electron scattering angle. This
provides a systematic uncertainty of 5.2% for Phase 1 and 4.6% for Phase 2+3, relative to
the final result of the CNO-v measurement. The data PMT hit time correction corresponds
to a relative systematic uncertainty of 9.6% for Phase 1 and 5.5% for Phase 2+3. The rest of
the systematic uncertainties are not unique to the CID analysis but are also relevant for the
MYV fit, such as the correction for the number of 8B-v, 7Be-v and pep-v events, as well as the
uncertainty on the FV and Rol. They provide a combined, relative systematic uncertainty of
10.9% for Phase 1 and 4.5% for Phase 2+3, for the measurement of the CNO-vV rate.

The CID specific fit response has been investigated and it has been found that the fit itself
introduces a bias between the best fit value of Ncno+pep and the true, underlying number of
neutrino events. The reason for this is that the nuisance parameters gv,,, Argi; only affect the
signal cos & shape, which shifts the best fit Ncno4pep to larger values. This bias is estimated
with the so called Acceptance Sampling Unfolding, which is a toy-MC sampling of the
Bayesian posterior distribution for the measurement of NcNno+pep, and Neno with the pep-v
constraint. Here, the results of toy-MC analyses are saved if and only if they reproduce the
best fit result of the data analysis, which provides a distribution of the true, underlying values
of NcNO+peps 1.€. the posterior. The bias introduces an overestimation of the naive sz best fit
NeNo+pep Value of ~ 8% for Phase 1 and ~ 4% for Phase 2+3, compared to correct calculation
of the posterior.

Phase 1 and Phase 2+3 are analysed independently to investigate if the detector response
changes over time to such a degree, that the CID method becomes unusable. This is not the case,
as the CID measurement results, as well as the systematic behaviour of the background, for
Phase 1 and Phase 2+3 show no visible systematic differences between each other. Therefore,
it is possible to combine the independent results of Phase 1 and Phase 2+3, which provides an
exclusion of the zero CNO-v hypothesis with a probability of 7.8 - 1078, or > 56 CL. Thus, the
CID measurement of Ncno corresponds to the detection of solar CNO-neutrinos. The equal-
tail 68.3% (10) credible interval of the CNO-neutrino rate is RSy = (7.273%) (cpd/ 1001).
The MV fit with the 2!°Bi background and pep-V constraint has a better exclusion of the zero
CNO-v hypothesis at about ~ 70 and a CNO-v rate measurement with smaller uncertainties
RN = (6.7729) (cpd/1001¢) [45].

On the other hand, the MV fit only provides a relatively indirect proof of the solar origin
of the measured signal. There, the proof that the signal corresponds to solar CNO-neutrinos
comes from the background subtracted energy distribution (Figure 3 in [45]), which is well
in agreement with the expected energy distribution of solar CNO-v events in Borexino.
Compared to that, the CID provides a more direct proof for the solar origin of the measured
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signal. By construction the measured signal can only originate in the Sun. Thus, the CID
method provides an epistemologically more convincing argument for the solar origin of the
assumed Ncno signal, compared to the MV fit®. Furthermore, the CID does not depend on any
background constraint and needs no assumptions about the fluid dynamics of the Borexino
detector [154] and the transport mechanisms of the 210Bj and 21%Po isotopes in the LS. The
last difference between the CID and the MV fit is that the combined CID result uses the
entire detector live time, corresponding to 3628.5 days, while the MC fit only uses a part of
Phase 3, corresponding to 1431.6 days. The conclusion is then, that the CID measurement
can be understood as a supplementary proof of the solar origin of the CNO-v events, which
compliments the more sensitive, 2!°Bi constrained MV fit. Both measurements taken together
provide a more reliable experimental proof for the existence of the CNO-cycle neutrinos than
each single measurement on its own.

Therefore, the natural, next step for the CNO-v measurement in Borexino is the com-
bination of both the MV fit with the CID. Here, a very first estimation can be given by
simply combining the posterior, likelihood distributions, which results in a best fit value of
(6.8708) (cpd/1001), with an exclusion of the zero-CNO-V hypothesis by more than 8¢. A
more sophisticated approach would be to implement the CID posterior distribution directly
into the MYV fit, such that the neutrino signal to background ratio can be constrained trough
the directionality of the neutrino events. This would not only provide a direct increase in
the sensitivity for the measurement of the CNO-V rate, but it would simultaneously apply an
additional, independent constraint on the problematic 2!°Bi background. This second effect
is then expected to increase the sensitivity on the CNO-v rate even further. Ultimately, the
full implementation of the CID into the MV fit would provide the best currently achievable
measurement of the CNO-v rate [167], all thanks to the unprecedented radio-purity of the
Borexino detector. This assumes that the MC fit and CID analyses are independent from
each other, which seems reasonable, but should be investigated further. The task of this
implementation is currently being worked on by [, as part of his dissertation.

8Not that there is any reasonable doubt about that in the MV fit approach. The CID solves more of a
philosophical problem, compared to the practical problem of the actual CNO measurement.
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Chapter 8

Conclusions and Outlook

The main topic of this thesis concerns the measurement of low energy solar neutrinos, trough
their associated directionality in the high light-yield liquid scintillator (LS) Borexino detector.
On the one hand, Borexino is the ideal candidate for such an endeavour, as it offers an
unprecedented radio-purity. On the other hand, the directionality is not easily accessible in
Borexino, exactly because its monolithic scintillator design and high light-yield make the
directional Cherenkov hits exceptionally sub-dominant to the scintillation. The task is further
complicated by the relatively fast decay time of the scintillator, in combination with the lack
of dedicated hardware and electronics systems that could allow for the separation between the
scintillation and Cherenkov light.

Borexino was never intended nor expected to be able to make use of the directional
Cherenkov information. It was utilised nonetheless, through the Correlated and Integrated
Directionality (CID) method, specifically developed as part of this thesis. The CID method
works by calculating the angle between the reconstructed PMT hit photon direction and the
known position of the Sun for the first few hits of every event. The integration over a large
number of events then provides an angular distribution, which can be used to make a statistical
inference on the number of solar neutrino events. Ultimately, the CID accesses the neutrino
directionality not through the event direction reconstruction, but rather through the event
position reconstruction. This is a task that is well suited for liquid scintillation detectors.
Another important aspect of the CID is the use of the relative time-like variable called Nth-Hit,
which is the time sorted sequence of PMT hits. The use of only the earliest Nth-Hits provides
an improved Cherenkov to scintillation hit ratio, which increases the sensitivity of the analysis.
Additionally, the Cherenkov hits imprint their directionality through a bias on the position
reconstruction. This in turn influences the angular distribution of the scintillation hits, but
only for solar neutrino signal events, which also increases the sensitivity of the CID analysis.

CID measurements

The first use of the CID is the measurement of the 0.862 MeV line of the "Be-neutrinos, as a
proof-of-principle for its feasibility. For this measurement the systematic mis-behaviour of
the Cherenkov hit times between the data and the MC model has been measured using the
available 7y calibration sources. The analysis is performed in a conservative fashion, using only
Phase 1 of the detector and estimating the systematic uncertainties maximally conservative.
The measurement is performed close to the Compton-like "Be-v edge, between 0.56 Me V-
0.76 MeV, which selects a total number of 19904 events. The zero-neutrino hypothesis can
be excluded with > 60, using the CID analysis. This corresponds to a detection of sub-MeV
solar neutrinos with a fit that depends solely on the directionality provided by the Cherenkov

hits. The measured number of solar neutrinos is Nyojar.y = 10887f§?§g(stat.) + 947 (syst.).
This is well in agreement with the expected values of the SSM [35] N3SM ' — 1018771},

where the uncertainty includes the difference between low (LZ) and high (HZ) metallicity
models. The "Be-v rate is then calculated as R("Be)cp = 51.6f}3:2 (stat. + syst.)cpd/100t,
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after constraining the number of CNO+pep-neutrino events. This CID measurement is
well in agreement with the result of the corresponding Phase 1 spectroscopy of R("Be) =
47.8742.28cpd/100t [83]. The spectral fitting provides a significantly greater sensitivity for
the measurement of the ’Be-neutrinos. The sensitivity of the CID analysis is limited here due
to the low number of Cherenkov hits per neutrino events. Nonetheless, this result is the first
directional detection and measurement of sub-MeV solar neutrinos. At the same time, it is
also a hybrid detection of sub-MeV neutrinos, as the events are explicitly triggered by the
scintillation hits. This proofs the principle feasibility of the hybrid detection concept, even in
a large scale, monolithic LS detector.

The second use of the CID, with significant improvements of the analysis, is the mea-
surement of the CNO-v rate. Here, the effective Cherenkov group velocity correction gv,
is quantified on the "Be-V edge region, while the main analysis is performed in a decoupled
energy window between 0.85 MeV-1.3 MeV, optimised on the expected ratio between the
neutrino signal to the background. This means that the neutrinos themselves are used to
constrain the nuisance parameter gv,, which provides a better sensitivity than the use of y
calibration sources. Another improvement of this CID analysis is the use of both the ear-
liest, direct Cherenkov hits, as well as later PMT hits that are influenced indirectly by the
Cherenkov hits. This indirect directionality stems from the influence of the Cherenkov hits
on the position reconstruction, which applies a bias in direction of the solar neutrino. This
bias then also impacts the later scintillation hits of the solar neutrino signal events to some
extent, while it is not present for the angular distribution of the background. The full detector
live time of 3628.7 days is analysed in two separate data sets for Phase 1 and Phase 2+3, to
search for potential systematic differences stemming from a change of the detector response
over time. The final results of this CID analysis is calculated through the toy-MC sampling
of the Bayesian posterior distributions. For Phase 1 the number of CNO+pep-V events is
measured as NeNO+pep = 626332 (stat. + syst.), out of 1990 selected events, and for Phase
2+3 the result is NcNO+pep = 2650f§§? (stat. + syst.). Both results are well in agreement with
the SSM [35] expectations of N&Goone, = 561 £ 25, NEGool, = 615+ 34 for Phase 1, and
NE&S oy = 2091 486, NEGSE = 2293 £ 126 for Phase 2+3. The systematic uncertainties
are investigated in depth, using toy-MC studies, as well as independent background data sets.
It is found, that the change of the detector response over time does not introduce a prohibitive
systematic difference between Phase 1 and Phase 2+43. Therefore, the result of the CNO-v
rate measurement is given by the combination of Phase 1 and Phase 2+3, after constraining
the number of pep-v events in each data set with the SSM predictions. This combined CID
analysis provides a probability for the zero CNO-v hypothesis of P(Ncno = 0) = 7.8- 1078,
which corresponds to a detection of CNO-neutrinos with > 50, using only their directionality.
This result is a very direct proof of the solar origin of the assumed CNO-v events. The
measured CNO-vV rate is Reno = (7.23:2 (stat.)f(l):g (syst.)) (cpd/100t). The CID posterior
distribution implies that the investigated HZ-SSM is 1.7 times more likely to be true than the
corresponding LZ-SSM. This CID measurement is in agreement with the result of the spectral,
multi-variate (MV) fit of R¥, = (6.775%) (cpd/ 100t) [45]. The MV fit provides smaller
uncertainties, but it depends on an external constraint of the >!°Bi background. This constraint
requires a good thermal stability of the detector, to limit convective motions of the LS, and it
is only possible to apply it for Phase 3. In this regard the CID analysis is more robust than the
spectral fit, as the CID signal and background distributions have no degeneracy between their
angular distributions and an external background constraint is not necessary.

Outlook for the CID

What then could the future of the CID method be? First, the parameters used for the CID
analysis seem reasonable well decoupled from the MV fit, where the energy spectrum is fitted
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simultaneously with the radial distribution of the selected events. The position of the Sun, i.e
the true direction of the solar neutrino events, does not depend on the neutrino energy nor
on the reconstructed event position r in the Borexino detector. Similarly, the time-of-flight
corrected PMT hit time, by design, does not depend on the reconstructed event radius. Thus,
for a given energy selection, the CID measurement of NcNo+pep 18 (conditionally) independent
from the MV fit result and consequently both analyses can be combined. This can be achieved
by implementing the Ncno+pep to total ratio measurement of the CID as an independent pull-
term into the MV fit. This would improve its sensitivity while at the same time taking correctly
into account the correlations of the pep-v, CNO-v and >'°Bi parameters in the MV fit. At the
time of writing this idea is actively under investigation by the collaboration. The goal is to
produce the best possible measurement of the CNO-v rate using the Borexino detector.

Second, the uncertainty of the CID measurement is dominated by the statistical uncertainty,
which could potentially be drastically improved in future experiments. The size of the
statistical uncertainty is not only realised due to the finite number of neutrino events, but more
so due to the unfavourable Cherenkov to scintillation hit ratio present in Borexino. For the
same number of data events the impact of a better separation of the neutrino signal Cherenkov
to scintillation ratio can be estimated through a toy-MC. For example, all other things being
equal, improving the Cherenkov to scintillation ratio by a factor of 2, from ~ 0.47% to
~ 0.95%, would reduce the statistical uncertainty on the CNO-V rate measurement by a factor
of ~ 2 from 2.5(cpd/100t) down to 1.2(cpd/100t). A hypothetical, perfect separation of
Cherenkov and scintillation hits would provide a reduction of the statistical uncertainty by a
factor of ~ 8, down to 0.3 (cpd/100t). Of course, in reality a simple reduction of the number
of scintillation hits would increase the position reconstruction uncertainty and consequently the
spread from the time-of-flight correction, which would then negatively affect the Cherenkov
to scintillation ratio. The true potential of CID under advantageous circumstances must be
studied by taking into account the full detector response. Examples for target materials with a
better Cherenkov to scintillation ratio would be water based LS [73, 130], or the use of a slow
LS with a decay constant larger than PPO, such as linear-alkylbenzene (LAB) with a slow
fluorophore [168]. While the exact sensitivity of a CID analysis used in a purpose-built hybrid
detector, such as Theia [72] or Jinping [74, 75], needs to be estimated trough a dedicated
sensitivity study it seems almost certain that the use of improved target materials, better
hardware [123, 125, 124] and improved vertex reconstruction algorithms [126, 129, 128] will
likely empower the CID method. Every development that helps an event-by-event direction
reconstruction in a LS should in principle also improve the CID analysis.

A very concrete example for the application of CID in a future detector is JUNO [69], a
20 kton LS detector at a depth of 1800 m water equivalent, which is currently under construc-
tion and is expected to start data taking in 2024. The main goal of JUNO is the determination
of the neutrino mass ordering, but it has also a large number of other physics goals, includ-
ing the measurement of solar neutrinos. For this task the main challenges are the intrinsic
radio-purity of the LS, the electronic PMT pile-up due to a large rate of '“C events from the
enormous LS volume, as well as the relatively high muon flux and consequent production of
1C background, compared to Borexino (at 3800 m water equivalent). The measurement of
8B-neutrinos above 2 MeV is a prime candidate due to the large size of JUNO [169], while
measuring 'Be-neutrinos is considered challenging [69], given the expected background rate.
In this context CID could potentially provide a substantial improvement to the solar neutrino
measurement, due to the expected large neutrino signal event statistics, as well as the use of
the relatively slow LAB scintillator. The latter should in principle allow for a better separation
between Cherenkov and scintillation hits, based on their arrival time. On the other hand,
JUNO uses PMTs with a relatively large transit time spread, as well as PPO as a primary and
bis-MSB as a secondary wavelength shifter [170]. This could have the consequence that more
Cherenkov photons are absorbed and re-emitted as isotropic scintillation light, compared to
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Borexino. The exact potential of the CID method in the JUNO experiment must be explored
in a dedicated sensitivity study, a task that has been recently started by [ NN [ RN -5
part of her dissertation.

It seems likely that a dedicated event-by-event direction reconstruction will in general
provide a better measurement sensitivity in a purpose-built detector than the CID. At the
same time it seems also reasonable that for a sufficiently low trigger threshold, there will be a
low energy region, in which CID will outperform the event-by-event direction reconstruction
analysis methods. The reason for this is that below a certain signal energy the number
of Cherenkov photons per event will become so small, that an event-by-event direction
reconstruction becomes useless, as many events will produce an insufficient number of
Cherenkov hits to be detected. The CID on the other hand can still perform well for even a
very small Cherenkov hits per event ratio, as it can make up the small Cherenkov hit statistic
with a sufficiently large number of neutrino events. This is already the case for the Borexino
detector and the "Be-v and CNO-v CID measurements presented in this thesis.

Another interesting, potential candidate for the application of CID is the measurement of
pp-neutrinos. The maximum energy of pp-neutrinos is 0.42 MeV [41], where the maximum
energy transfer for the electron scattering is 7 = 0.26 MeV. This is larger than the minimal
energy T > 0.16 MeV required for Cherenkov radiation in a typical LS with a refractive
index of ~ 1.55. Thus, it seems likely that the CID can be applied for the measurement of
pp-neutrinos, while they are almost certainly outside of the scope of a directional analysis
using an event-by-event direction reconstruction. Such a measurement could be tried in
Borexino, but the end of data taking in October 2021 and the following, slow dissolution
of the collaboration make this proposal unlikely. Thus, a potential CID measurement of
pp-neutrinos is likely reserved for future detectors with advantageous conditions, such as
in the proposed Serappis detector [70]. Here again, it is reasonable to suggest a sensitivity
study for the possible impact that CID would have on the pp-v measurement, as well as a
simultaneous study of the detector setup, under which the CID sensitivity could be maximised.
This task was recently started by [Nl 25 the topic of his master thesis in the group of
I i Mainz.

The Correlated and Integrated Directionality offers a novel and robust method for solar
neutrino detection. It can be used on its own, as a supplementary measurement, or even as
an additional constraint in a spectral, multivariate analysis. The Sun is always shining in
neutrinos and hopefully it will continue to shine on the CID.
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Appendix A

Measurement of the Effective
Scintillation Group Velocity
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FIGURE A.1: The nine PMTs with the worst y?/ndf for a linear fit of the early hit mean times vs.

distance, for the 2'*Po source. The PMTs are sorted from worst to least bad PMT. They have been

deselected for the calculation of the effective scintillation group velocity. The tenth deselected PMT is
not shown.
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Appendix B

Cherenkov Group Velocity
Calibration using y Events

PDF Ans™!]  u[ns] ofns

-0.100  33.0 0.75
-0.094 323 091
-0.060 33.0 0.75
-0.300 330 1.00
-0.120 325 0.75
-0.080 33.0 0.75
0.078 328 1.08
0.070 322 1.30
0.060 335 1.40
0.070 323 1.35
-0.090 347 1.30
-0.142  33.1 1.16
0.065 323 145
0.060 337 1.70
0.060 322 145
0.092 327 1.00
-0.090 347 1.30
-0.125 331 1.15
0.060 325 1.65
0.095 324 135
0.065 33.6 1.65
0.094 328 1.15
-0.075 343 0.80
-0.110 329 1.15
0.080 327 1.65
0.075 325 1.65
0.085 331 1.40
0.065 337 1.85
-0.100 327 1.05
-0.100 347 1.05

Data

MC, gv, = 0.08nsm™!

MC, gv, =0.10nsm™!

MC, gv, = 0.16nsm ™!

MC, gv, = 0.22nsm ™!

TABLE B.1: The parameters used for the modification of the position reconstruction PDF, necessary
for the gv,, calibration using the 7y sources.
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Appendix C

Correlated and Integrated

Directionality Measurement of
CNO-Neutrinos

C.1 Selection of the Nth-Hit cut-off and CID-histogram binning
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FIGURE C.1: The toy-MC study of the Cherenkov information Ay? as a function of the individual
Nth-Hit cos o histograms and the histogram binning, for Phase 1. The nominal MC Aryg;; value and
v, = 0.108ns m~! is shown in blue, an increased Arg;, value is shown in red and the nominal MC
Argir with a decreased gv,, = 0.068ns m~! is shown in blue. (a) Ax? vs. the Nth-Hits for the "Be-v
region. (b) Ax? vs. cos a histogram binning for the "Be-v region. (c) Ax? vs. the Nth-Hits for the
CNO-+pep-V region. (d) Ax? vs. cos o histogram binning for the CNO+pep-V region.
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C.2 PMT selection and correction of the relative PMT time offset

Phase 1 Distribution of PMTs with a Number of 1% Hits of Events Phase 3 Distribution of PMTs with a Number of 1* Hits of Events

— Data without PMT deselection 10? = — Data without PMT deselection
—  Data with PMT deselection 3 — Data with PMT deselection
—  Normalised MC expectation b — Normalised MC expectation

Number of PMTs
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FIGURE C.2: Distribution of the number of first hits of the events on the PMTs for the "Be-v region.
The data without a PMT deselection (black) is compared with the data after the PMT deselection (red)
and the expected distribution from MC (blue). (a) For Phase 1. (b) For Phase 3.

C.3 Measurement of Ncno+pep Without systematic uncertainties
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FIGURE C.3: (a) Resulting Ay?(gv,,) profile of Phase 1, with x?/ndf = 868.3/897, p-value = 0.75

for a binning of 60 and x2/ndf = 277.2/297, p-value = 0.79 for a reduced binning of 20 using the

same best fit parameters. The best fit value is gv,y, = (0.138 +-0.028)nsm™~'. (b) The x? corresponding

p-values of each individual Nth-Hit cos & histogram between data and MC. The MC histograms are

not fitted individually on data, but use the best fit results of the full Nth-Hit(max) = 15 analysis. The

p-values are calculated for a number of bins of 60 (black) and 20 (red). The dotted lines correspond to
p-value < 0.32 andp-value < 0.05.
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Phase 1, ‘Be Edge Region, 1% to 4™ Hits of Events Phase 1, ‘Be Edge Region, 5™ to 15" Hits of Events
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FIGURE C.4: Summed cosa histograms of the Phase 1 "Be region used for the gv, calibration.

data is shown in black, pure 2!°Bi background MC in blue and in red the best fit MC histogram with

gve, = 0.138nsm~! and N, = 9400 fitted signal events, 10504 fitted background events out of 19904

events in total. (a) The sum of the first to fourth Nth-Hits. The peak of direct Cherenkov hits is visible

around cos & ~ 0.7. (b) The sum of the fifth to 15" Nth-Hits. The negative cos & slope of neutrino

events due to Argiy = 1.90cm is visible in data. The cos @ shape of the MC background comes from
the run dependent distribution of live PMTs and the PMT selection.
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FIGURE C.5: (a) Resulting Ay (NcNo+pep) profile of Phase 1, with x%/ndf = 886.9/897,
p-value = 0.59 for a binning of 60 and y?/ndf = 284.3/297, p-value = 0.69 for a reduced binning
of 20 using the same best fit parameters. The best fit value is NcNO+pep = 6763%2 out of 2990 total
events. The red and blue bands represents the 68.3% CI of the SSM expectations of HZ and LZ,
respectively. (b) The x? corresponding p-values of each individual Nth-Hit cos & histogram between
data and MC. The MC histograms are not fitted individually on data, but use the best fit results of the
full Nth-Hit(max) = 15 analysis. The p-values are calculated for a number of bins of 60 (black) and 20
(red). The dotted lines correspond to p-value < 0.32 and p-value < 0.05.
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Phase 1, CNO+pep Region, 1" to 4™ Hits of Events Phase 1, CNO+pep Region, 5" to 15" Hits of Events
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FIGURE C.6: (a) Summed cos & histograms of the Phase 1 CNO+pep region. data is shown in black,

pure MC background in blue and in red the best fit MC histogram with N, = 676 fitted signal events,

2309 fitted background events out of 2990 events in total and gv,, = 0.143nsm~!. (a) The sum of

the first to fourth Nth-Hits. The peak of direct Cherenkov hits is visible around cos & ~ 0.7. (b) The

sum of the fifth to 15" Nth-Hits. The negative cos o slope of neutrino events due to Argi; = 3.20cm is

visible in data. The cos o shape of MC background comes from the run dependent distribution of live
PMTs and the PMT selection.
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FIGURE C.7: (a) Results of the data gv,, calibration at the "Be edge region of Phase 1 for the nominal

and stricter selection of PMTs to use in the CID analysis. (b) Difference between the gv,, results of

the nominal PMT selection and the stricter PMT selections in units of the expected standard deviation,
which is estimated through a toy-MC study.
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FIGURE C.8: ]

(a) Results of the data Ncno+pep measurement of Phase 1 for the nominal and stricter
selections of PMTs to use in the CID analysis. (b) Difference between the Ncno4pep results of
the nominal PMT selection and the stricter PMT selections in units of the expected standard

deviation, which is estimated through a toy-MC study.
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FIGURE C.9: (a) Results of data gv,, calibration at the "Be-v edge region, for Phase 1. Top (black): a

range of Nth-Hit(max) values around the nominal Nth-Hit(max) = 15, with 60 bins. Bottom (red): a

range binning around the nominal 60 bins, with Nth-Hit(max) = 15. (b) Difference between the gv,
results and the nominal result gv, = 0.138nsm™! in units of the expected statistical uncertainty.
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FIGURE C.10: (a) Results of data Ncno+pep measurement, for Phase 1. Top (black): a range of

Nth-Hit(max) values around the nominal Nth-Hit(max) = 15, with 60 bins. Bottom (red): a range

of number of bins around the nominal 60 bins, with Nth-Hit(max) = 15. (b) Difference between the
NcNo+pep Tesults and the nominal Nenospep = 676 in units of the expected statistical uncertainty.
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FIGURE C.11: Distribution of Phase 1 best fit results, where the PMT hit time correction is randomly
varied a number of 1000 times, using to the uncertainty Ay (PMT) as a Gaussian standard deviation.
(a) For the gv,, calibration at the "Be edge region. (b) For the measurement of NcNo+pep-
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FIGURE C.12: (a) The selected Ni*° region for the TFC-tagged ''C (red) and external y (blue)

data events of Phase 1. The 7y events are neither TFC-cut nor TFC-tagged. The events numbers are

Niic = 9318 and Ny, = 3840. (b) The corresponding distribution of the reconstructed event radius,

in a log-scale. !'C follows a third order polynomial distribution, as expected from a uniform event

distribution plotted against the radius. Likewise, the external y’s show the expected exponential increase
for larger radii.
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FIGURE C.13: Comparison of the cos ¢ histograms summed over the 1% to 15 hits of events, for
data and MC background of Phase 1. The histograms are normalised to the same integral, as to allow
for an easier comparison between the figures. (a) TFC-tagged !'C data compared to MC background
with a x2/ndf = 48.6/59, p-value = 0.83. (b) External y data compared to MC background with a
x%/ndf = 62.8/59, p-value = 0.34.
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FIGURE C.14: The x2/ndf corresponding p-values between data and MC background of Phase 1, as a
function of the individual Nth-Hit cos & histograms. The dotted lines correspond to p-value = 0.32 and

p-value = 0.05. (a) TFC-tagged ''C data compared to MC background for a binning of 60 (black) and
20 (red). (b) External y data compared to MC background for a binning of 60 (black) and 20 (blue).
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C.5 Fit bias and Bayesian interpretation of the CID results
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FIGURE C.15: (a) Distribution of the fit results for 10k toy-MC analyses, where the simulated gv.y,

value is set to gvep, = 0.044ns m~! (black, red) and gveh = 0.172ns m~! (blue, yellow). The analyses

are performed including the two nuisance parameters of the fit (red, yellow) and and for comparison

with fixed values of the nuisance parameters and only gv., as a free parameter (black, blue). (b)

Difference between the mean value of the best fit distribution and the simulated gv.,. The mean value
is estimated with a Gaussian fit.
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FIGURE C.16: (a) Distribution of the fit results for 10k toy-MC analyses, where the simulated NcNo+pep
value was set to Nenospep = 0 (black, red) and Nenospep = 5974 (blue, yellow). The analyses are
performed including the two nuisance parameters of the fit (red, yellow) and for comparison only
with NcNospep as a free parameter (black, blue). The fit is not constrained to the physical limits
(0 < NeNowpep < 5974) to illustrate the impact of the nuisance parameters better gven, Argir. (b)
Relative offset between the mean value of the best fit distribution and the simulated Ncno+pep- The
mean value is estimated with a Gaussian fit performed within the physical limits of Ncno+pep-
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FIGURE C.17: Final results of the gv, calibration for Phase 1. (a) Resulting Ay?(gv,,) profile

including the systematic uncertainties (red), with 2 /ndf = 874.9/897, p = 0.70. The best fit value is

gve, = 0.14040.029 ns m~ . (b) The ASU distribution of gv,;, (black) for 4000 toy-analyses compared

to the likelihood distribution (red) of the Ay? profiles. The difference between the mean values is in
agreement with zero: A(gv,,) = (—0.000140.0004)nsm~".
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FIGURE C.18: Final results of the Ncnospep measurement for Phase 1. (a) The ASU distribu-
tion of NcNowpep With 20k toy-analyses in black, compared to the nominal likelihood distribution
exp(—%A%z(NCNoerep)) in blue and the fit response bias corrected distribution in red. The latter is
the posterior distribution P(NcNo+pep | CID data) for the probability of the true, underlying number of
neutrino events. The 68.3% CI for the LZ-SSM and HZ-SSM is shown as a cyan and magenta band,
respectively. They include the systematic uncertainties of FV, E.¢. (b) The equal-tail credible intervals
of NcNo+pep» represented in a Gaussian equivalent Ay? profile (solid line). The corresponding 68.3%
CINEo1pep = 6267 53¢ is shown as a grey band. For comparison the Ay profile without systematics
and with fixed nuisance parameters is also shown (dotted line).
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FIGURE C.19: Final results of the Ncno measurement for Phase 1. (a) The ASU distribution of Neno
with 20k toy-analyses in black and the corresponding posterior distribution P(Ncno | CID data). The
68.3% CI for the LZ-SSM and HZ-SSM is shown as a cyan and magenta band, respectively. (b) The
highest-density CI of the CNO-V rate Rcno, represented in a Gaussian equivalent Ay 2 profile. For Phase
1 (red) and Phase 2+3 (blue), with the corresponding 68.3% CI Rcno (Phase 1) = 4.9sz§ (cpd/1001),

Reno(Phase 2+3) = 7.0738 (cpd /100 t).
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