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Abstract

This dissertation presents the recent solar neutrino measurements with the Borexino
experiment and the expected sensitivity to solar neutrinos with the JUNO experiment.
Solar neutrinos are created in the Sun through different fusion processes, that are clas-
sified as: the proton-proton (pp) chain and the Carbon-Nitrogen-Oxygen (CNO) cycle.
The CNO cycle is a sub-dominant process in the Sun, while it is hypothesized to be
the main source of energy in the heavier stars. Solar neutrinos are weakly interacting
particles and thanks to their elusive nature, they are the only direct probes of the in-
formation about the solar interior. The Borexino experiment has already provided a
comprehensive measurement of all pp chain neutrinos and the first detection of CNO
solar neutrinos. It was a 280 t liquid scintillator (LS) detector located at the Laboratori
Nazionali del Gran Sasso (LNGS) in Italy. It provided an improved measurement of
CNO solar neutrinos and its implications for understanding the chemical composition
of the Sun, using its latest and final data set collected in 2017-2021 period. My con-
tributions towards the 210Bi background constraint model, the production of fit inputs
as well as performing the multivariate spectral fit to obtain CNO-ν rate, are presented
in this thesis. These results have been published in Physical Review Letters. The first
directional measurement of sub-MeV solar neutrinos in a liquid scintillator detector
has also been accomplished by Borexino. A so-called Correlated and Integrated Di-
rectionality (CID) technique has been developed, which exploits the directional and
sub-dominant Cherenkov information contained in the early hits of a solar neutrino
event. The proof of concept of this method has been provided using 7Be solar neutri-
nos and the results, including my contributions, are discussed in this thesis and have
been published in a joint publication in Physical Review Letters and Physical Review
D. The latest result from Borexino includes the directional measurement of CNO-ν
solar neutrinos using CID and without the 210Bi constraint for the first time. My con-
tribution constitutes the optimisation of the fit inputs, calibration of group velocity of
Cherenkov photons in the 7Be-ν edge region, evaluation of the systematic uncertain-
ties, and performing final CID fits to finally extract the CNO solar neutrinos. These
results have been used to perform the combined CID and the multivariate spectral fit
for the solar neutrino analysis, providing the most precise and Borexino’s final CNO-
ν rate, which has been published in Physical Review D. JUNO is a 20 kt LS experi-
ment under construction in south China, with its primary goal of the determination of
neutrino mass ordering. The potential of JUNO to perform 7Be, pep, and CNO solar
neutrino measurements with unprecedented precision is discussed in this thesis and
my work includes executing the multivariate fits assuming various background con-
tamination levels. These findings have been published in Journal of Cosmology and
Astroparticle Physics. The first feasibility studies to perform the directional measure-
ment of 7Be and CNO solar neutrinos in JUNO using CID has also been explored in
this thesis. I present my work regarding the CID analysis strategy and the preliminary
results, which shows the improved JUNO’s sensitivity to solar neutrinos.
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Zusammenfassung

Diese Dissertation stellt die neuesten Messungen von Sonnenneutrinos mit dem Borexino-
Experiment sowie die erwartete Sensitivität gegenüber Sonnenneutrinos mit dem JUNO-
Experiment vor. Sonnenneutrinos entstehen in der Sonne durch verschiedene Fu-
sionsprozesse, die als Proton-Proton-chain (pp-chain) und Carbon-Nitrogen-Oxygen-
Zyklus (CNO-Zyklus) klassifiziert werden. Der CNO-Zyklus ist in der Sonne ein un-
tergeordneter Prozess, während er in schwereren Sternen als Hauptenergiequelle ver-
mutet wird. Sonnenneutrinos sind schwach wechselwirkende Teilchen und dank ihrer
schwer fassbaren Natur sind sie die einzigen direkten Sonden für Informationen über
das Sonneninnere. Das Borexino-Experiment hat bereits eine umfassende Messung
aller pp-chain-Neutrinos und den ersten Nachweis von CNO-Sonnenneutrinos erbracht.
Es handelte sich um einen 280 t flüssigen Szintillator-Detektor (LS), der sich in den
Laboratori Nazionali del Gran Sasso (LNGS) in Italien befindet. Mit dem neuesten
und letzten Datensatz, der im Zeitraum 2017-2021 gesammelt wurde, lieferte es eine
verbesserte Messung der CNO-Sonnenneutrinos und deren Implikationen für das Ver-
ständnis der chemischen Zusammensetzung der Sonne. Meine Beiträge zum 210Bi-
Hintergrund-Beschränkungsmodell, zur Erstellung von Fit-Eingaben sowie zur Durch-
führung des multivariaten Spektral-Fits zur Bestimmung der CNO-ν-Rate werden in
dieser Arbeit vorgestellt. Diese Ergebnisse wurden in den Physical Review Letters
veröffentlicht. Der erste richtungsweisende Nachweis von sub-MeV- Sonnenneutri-
nos in einem Flüssigszintillator-Detektor wurde ebenfalls von Borexino erreicht. Eine
sogenannte Correlated and Integrated Directionality (CID) Technik wurde entwickelt,
die die richtungsweisende und untergeordnete Cherenkov-Information nutzt, die in
den frühen Hits eines Sonnenneutrinoereignisses enthalten ist. Der Nachweis dieses
Konzepts wurde mit 7Be-Sonnenneutrinos erbracht und die Ergebnisse, einschließlich
meiner Beiträge, werden in dieser Arbeit diskutiert und in einer gemeinsamen Veröf-
fentlichung in den Physical Review Letters und Physical Review D veröffentlicht. Das
neueste Ergebnis von Borexino umfasst die richtungsweisende Messung von CNO-ν-
Sonnenneutrinos unter Verwendung von CID und erstmals ohne die 210Bi-Einschränkung.
Mein Beitrag umfasst die Optimierung der Fit-Eingaben, die Kalibrierung der Grup-
penlaufzeit von Cherenkov-Photonen im 7Be-ν-Randbereich, die Bewertung der sys-
tematischen Unsicherheiten und die Durchführung der finalen CID-Fits zur endgülti-
gen Extraktion der CNO-Sonnenneutrinos. Diese Ergebnisse wurden verwendet, um
die kombinierte CID- und multivariate Spektral-Analyse für die Sonnenneutrinoanal-
yse durchzuführen, was die präziseste und endgültige CNO-ν-Rate von Borexino liefert,
die in Physical Review D veröffentlicht wurde. JUNO ist ein 20 kt LS-Experiment,
das sich im Bau in Südchina befindet, mit dem Hauptziel, die Neutrinomassenhierar-
chie zu bestimmen. Das Potenzial von JUNO, 7Be-, pep- und CNO-Sonnenneutrino-
Messungen mit beispielloser Präzision durchzuführen, wird in dieser Arbeit disku-
tiert und meine Arbeit umfasst die Durchführung der multivariaten Fits unter An-
nahme verschiedener Hintergrundkontaminationsniveaus. Diese Erkenntnisse wur-
den im Journal of Cosmology and Astroparticle Physics veröffentlicht. Die ersten
Machbarkeitsstudien zur Durchführung der richtungsweisenden Messung von 7Be-
und CNO-Sonnenneutrinos in JUNO unter Verwendung von CID wurden ebenfalls in
dieser Arbeit untersucht. Ich präsentiere meine Arbeit zur CID-Analyse-Strategie und
die vorläufigen Ergebnisse, die die verbesserte JUNO-Sensitivität gegenüber Sonnen-
neutrinos zeigen.
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Introduction to the thesis

This thesis is organized in three parts. Part I starts with an overview of the neutrino
physics in Chapter 1. It provides an introduction to neutrinos as a particle as well
as about 100 year old history of neutrinos. The mathematical framework behind the
phenomenon of neutrino oscillation in vacuum and matter is also provided. It also
summarizes various sources of neutrinos including both natural and artificial sources.
The current open questions in the field of neutrino physics and neutrino oscillations
are also reviewed in this chapter. In this part, Chapter 2 is also included, that intro-
duces the neutrinos from the Sun, called solar neutrinos, which are the main focus
of this dissertation. Firstly, it describes the nuclear fusion processes for the hydrogen
to helium conversion in the Sun, the dominant proton-proton (pp) chain and the sub-
dominant Carbon-Nitrogen-Oxygen (CNO) cycle, in addition to the description of the
types of neutrinos emitted in these reactions. The Standard Solar Model (SSM), which
describes the state and evolution of the Sun and is used to predict the solar neutrino
fluxes, is also summarized in this chapter. Here, the concept of the solar metallicity, a
crucial input to the SSMs, is introduced. It is also discussed that the measurement of
solar neutrinos provides an unique handle to test the SSM and plays a key role towards
solving the so-called solar metallicity problem. This chapter also provides an overview of
various solar neutrino experiments and also introduces their principle detection meth-
ods of solar neutrinos. These experiments include radiochemical, water Cherenkov,
liquid scintillator, as well as the future hybrid detectors. As this dissertation focuses on
the solar neutrino measurements with two liquid scintillator (LS) detectors, Borexino
and JUNO, the typical backgrounds for the solar neutrino analysis in LS experiments
are also summarized.

Part II is devoted to solar neutrino analysis with the Borexino experiment. Borex-
ino, located in Laboratori Nazionali del Gran Sasso (LNGS) in Italy, was a 280 ton liquid
scintillator detector. The technical information about Borexino constituting hardware
and electronics, the important operations like calibration and thermal insulation, and
various algorithms as well as the simulation framework used in the analysis, will be
discussed in detail in Chapter 3. It took data from May 2007 to October 2021. Thanks
to its unprecedented radiopurity, Borexino has provided the measurements of almost
all pp-chain solar neutrinos [1], except hep neutrinos and the first experimental obser-
vation of CNO solar neutrinos [2]. It has also provided an improved measurement
of CNO solar neutrinos and its implications on the solar metallicity problem by per-
forming the analysis of most recent data collected in 2017-2021. This is discussed in
Chapter 4. In these analyses, a spectral fit, exploiting energy and radial information of
the events, is performed to disentangle the solar neutrino events from the background
ones in data. One of the crucial background for the CNO solar neutrino analysis is
the β-decay of 210Bi due to its spectral degeneracy with the CNO neutrino events. An
independent constraint on 210Bi rate is obtained by performing a paraboloid fit on se-
lected α decaying 210Po (210Bi daughter) data events in an so-called "low polonium
field" region. The determination of 210Bi constraint uses a model which describes the
210Po spatial distribution, containing a parameter that represents the leakage of β-like
events in the selected 210Po data. I have worked on the determination of this param-
eter, necessary to take into account for the correct estimation of 210Bi rate constraint,
which is also presented in this chapter. The production of data and Monte Carlo inputs
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for the spectral fit and the extracted result on CNO-ν rate using the fit, which I have
performed, are also reported. The results have been published in [3].

In LS detectors, the event detection is done using the isotropic and dominant scin-
tillation light. The directional Cherenkov light is also emitted which can be used to
distinguish the neutrino signal from the backgrounds. However, the separation of
Cherenkov light and the directional reconstruction of signal events using the Cherenkov
light is typically not possible, due to its very low (≲1%) contribution. A novel tech-
nique called Correlated and Integrated Directionality (CID) has been developed, which
has been used to perform the first directional measurement of sub-MeV solar neutri-
nos in Borexino. In this method, the early individual photon hits of an event is corre-
lated to the well-known position of the Sun and the integration over a large number
of detected events is done to obtain an angular CID distribution. Since the directional
Cherenkov light is emitted and arrives to PMTs, on average, earlier to the isotropic
scintillation photons, the resulting angular CID distribution of solar neutrino events
has a signature peak. The CID angular distribution of the background events is almost
flat, as the charged particles from the decay are emitted in a direction, which is uncor-
related to the Sun position. This is utilised to extract the solar neutrino contribution
in the data. This technique is described in detail in Chapter 5. After the introduction
of the CID method, this chapter provides the studies regarding the proof-of-principle
of CID, using first two hits of the events in the 7Be-ν shoulder energy region in the
so-called Phase-I period of the Borexino. My contributions for this analysis include
the optimisation of the number of bins of CID angular distributions and the study of
various systematic effects on the shape of background CID distributions using a toy
MC method, which are also described in this chapter. These results were published
in [4, 5]. Moreover, the CID method has also been utilized to perform the directional
measurement of CNO solar neutrinos with about 5.3σ significance of detection, using
all Borexino data and without using 210Bi constraint for the first time. This is discussed
in Chapter 5. For this analysis, an independent energy region has been chosen with
respect to the 7Be-ν CID analysis. I have contributed in this analysis by performing
a sensitivity analysis for the optimisation of the number of bins as well as number of
early hits, which are used for the CID analysis. I have also performed analysis for the
calibration of Cherenkov photons using 7Be solar neutrinos and the final fit to obtain
the CNO-ν measurement using CID. My other contributions include the evaluation of
expected counts of different neutrinos and backgrounds in the region of interests as
well as the study of the systematic effects associated to the CID analysis. A combined
spectral fit using CID results on the solar neutrinos in CNO-ν analysis energy region as
a constraint has also been performed, which has disfavored no-CNO hypothesis with
about 8σ significance. These results have been published in [6] and was co-written by
me.

Part III is dedicated to the JUNO experiment and its sensitivity to sub-MeV solar
neutrinos. Chapter 6 introduces the JUNO experiment, a 20 kt LS detector which is cur-
rently under construction in Guangdong province in south China. In this chapter, vari-
ous physics programs of JUNO, including the determination of neutrino mass ordering
which is its primary goal, are also summarized. This chapter also provides a summary
of the simulation framework, which is crucial for all the analyses in JUNO. Thanks
to its enormous target size, it can accumulate a large number of solar neutrino events
and measure their rates with unprecedented uncertainties. In Chapter 7, the precision
of 7Be, pep, and CNO neutrino rates that JUNO can achieve, is estimated by perform-
ing the spectral analysis. The achievable accuracy of the solar neutrino measurements
is highly dependent upon the radioactive background levels in JUNO. These results
were published in [7]. I contributed to this analysis by performing spectral fits using



3

a MC based sensitivity analysis, under the assumption of different background lev-
els and the exposures JUNO will acquire. I also co-wrote the publication. Finally in
Chapter 8, JUNO’s sensitivity to 7Be and CNO solar neutrinos is explored using the
CID method. Here, I present the complete analysis strategy, that has been developed
to carry out directional analysis of solar neutrinos. This includes the investigation
of properties of Cherenkov photons in JUNO MC, which I performed. The extracted
properties have been used to produce CID probability density functions (PDFs) of both
signal and background using a toy MC method, that has been developed by me. This
method simulates the realistic properties of JUNO, that are necessary for the CID anal-
ysis by taking advantage of the experience from Borexino. These PDFs have been used
to estimate the first JUNO’s sensitivity towards the solar neutrino measurement us-
ing directional Cherenkov light, which is also summarized in this chapter. Moreover,
the possible systematic effects for the CID analysis have also been investigated by me.
This chapter concludes with a discussion on JUNO’s enhanced sensitivity towards so-
lar neutrino measurements using the combined spectral and CID analysis.
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Part I

Neutrinos
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Chapter 1

Introduction to neutrinos

This chapter provides a brief introduction to neutrino physics. It starts with an overview
of the important milestones in the history of neutrinos in general, in Sec. 1.1. Neutrinos
as a particle in the Standard Model are introduced in Sec. 1.2. Section 1.3 explains the
neutrino oscillation theory including both the vacuum and matter effects. The different
sources of neutrinos are elaborated in Sec. 1.4. The current open questions in the field
of neutrino physics are discussed in Sec. 1.5.

1.1 History

The history of neutrino dates back to the time of study of the nuclear β-decay. In 1914,
J. Chadwick discovered that the energy spectrum of electrons, emitted in the β-decay,
has a continuous energy spectrum [8], with a maximum energy at Q-value of the reac-
tion. This observation was in contrast to the unique energy of the electron with a peak
at Q-value of the reaction, which is expected for a two body decay. This led to the two
interpretations supporting this observation: firstly, the primary electrons have a con-
tinuous energy spectrum and secondly, there exists secondary processes, that broaden
the original discrete electron energy. To test these interpretations, a calorimetric mea-
surement was performed. If the first interpretation is correct, the calorimetric mea-
surements should result in an average electron energy, which should be lesser than the
Q-value. If the latter is true, the measured energy of the electrons would be the max-
imal energy. This calorimetric experiment was done by Ellis and Wooster in 1927 [9]
using RaE (210Bi), that undergoes a β-decay. It was observed that the measured aver-
age energy of the electrons is less than the Q-value of the reaction, which supports the
first interpretation. This experiment was repeated by L. Meitner in 1930 [10]. This
confirmed the continuous energy spectrum of primary electrons and no secondary
processes are responsible for the continuous β spectrum. To remedy the problem of
non-conservation of the energy as well as the spin, observed in the β-decay, Pauli pro-
posed the existence of a neutral and weakly interacting particle with half spin, which
is emitted in the decay, in an open letter to a physics conference dated 4 December
1930 [11].

In 1932, J. Chadwick discovered neutron [12] that we know today and in 1934, Fermi
formulated a theory of β-decay [13], incorporating the Pauli’s particle and named it as
neutrino, meaning the "little neutral one" in Italian. In 1934, Bethe and Peierls esti-
mated the cross section of neutrino interaction with a nucleus and found it to be very
small (σ <10−44 cm−2) [14]. Later, B. Pontecorvo proposed the first method of neutrino
detection in 1946 [15], suggesting the radiochemical method (see Sec. 2.4) of neutrino
detection and pointed out the Sun, nuclear reactors, and radioactive sources as the in-
tensive sources of neutrinos. After the discovery of muon in 1937 [16, 17], Pontecorvo
proposed the universality of the Fermi interactions of electrons and muons in 1947 [18].
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In 1952, the first and indirect experimental evidence of neutrinos was found using
the electron capture decay of 37Ar:

37Ar + e− → 37Cl + νe, (1.1)

with a Q-value of 0.816 MeV. As this reaction consists of only two particles in the fi-
nal state, the recoil energy of the nucleus is estimated to be 9.67 eV using the energy
and momentum conservation. This corresponded to an expected recoiled velocity of
0.71 cm µs−1. The recoiled velocity was then measured using a time-of-flight measure-
ment, based on the Auger electron emission time and the detection of recoiled nucleus
in a spectrometer [19, 20]. The measurements were in good agreement with the theo-
retical predictions of the recoil energy and velocity. The discovery of (anti)neutrinos
finally took place by measuring the inverse β-decay (IBD):

ν̄e + p → e+ + n. (1.2)

The first idea was to detect (anti)neutrinos from the nuclear explosions, using a pro-
posed detector "El monstro" [21]. It was never constructed and instead, it was decided
to use a large flux of antineutrinos from a nuclear reactor. Cowan and Reines used a
tank filled with water with dissolved CdCl2 for the detection of antineutrinos. It was
surrounded by two liquid scintillators to detect photons from the positron annihila-
tion (prompt) and a delayed photon signal from the neutron capture on the cadmium
nuclei, which will be discussed in Sec. 1.4. In 1953, the Hanford neutrino detector [22]
with 300 l of scintillator was built. The signal was observed with an insufficient ev-
idence due to the poor shielding against the cosmic ray background. The successful
evidence was found using the Savannah river experiment with an improved shield-
ing, which consisted of two target tanks filled with 200 l of water with CdCl2. These
tanks were sandwiched between the three tanks of 4200 l of liquid scintillator in total
and each with 110 photomultiplier tubes. By looking for prompt and delayed signals
from all the liquid scintillator detectors and acquiring data in both reactor-on and off
times, the existence of (anti)neutrinos was confirmed in 1956 and the observed cross
section of the reaction was in well agreement with the expected one [23].

In 1953, Konopinski and Mahmoud introduced the concept of lepton number, L [24].
They assigned L=+1 to the electron, muon, and the neutrino, and L = -1 to positron,
positive muon (µ+), and the antineutrinos, suggesting the law of conservation of lep-
ton number. Later in 1950s, Davis [25] tested this experimentally by looking for the
reaction: ν̄e + 37Cl → 37Ar + e−. As this reaction violates the lepton number, he could
only set limits on the cross section for the process and concluded that the neutrinos and
antineutrinos are distinct particles. The neutrinos and antineutrinos also differ in their
helicity: neutrinos are left-handed, whereas the antineutrinos are right-handed, in the
V-A theory of weak interactions formulated in 1958 [26, 27]. This was experimentally
determined by Goldhaber et. al. [28] through the measurement of polarization of neu-
trino, using the electron capture decay of 152Eu: e− + 152Eu → 152Sm∗ + νe and 152Sm∗

→ 152Sm + γ.
In 1962, a direct experimental proof of the muon neutrino was obtained at the

Brookhaven AGS experiment [29] using a 15 GeV proton beam, bombarding the beryl-
lium target. This produced an almost pure νµ beam through decay of the secondary
pions and kaons. The idea of the experiment was proposed by Pontocorvo in 1959 [30].
The goal was to test whether νµ and νe are the same particles. The νµ beam produce
µ− through the reaction: νµ + N → µ− + X. If νµ and νe are the same particles, the
reaction: νµ + N → e− + X, would also be observed and there will be equal number of
muons and electrons. However, 29 muon-like events and six electron-like events were
observed, proving that νµ and νe are different particles. It was further confirmed by
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CERN in 1963 [31]. It was proven that two different "families" of leptons exist: (νe, e)
and (νµ, µ).

After the τ-lepton was discovered in 1975-1977 at e+e− collider at Stanford [32],
it was expected that there could exist a third family of lepton and therefore, a tau
neutrino would also exist [33]. In 2000, the third type of neutrino was observed by the
DONUT collaboration at Fermilab [34]. The question of how many families of leptons
exist in nature, quickly came up. The answer to this question was obtained at LEP
experiments [35]. It was established that the number of light (mν < mZ/2) neutrinos is
2.984± 0.008 by measuring the total width of decay: Z0 → νl + ν̄l, including different
decay modes coupling to Z-boson. Thus, there exist three active light neutrinos in
nature [36].

As discussed, the neutrino physics theory expanded with exciting experimental re-
sults over the years. A key result in the history of neutrino physics includes the dis-
covery of neutrino oscillations, by SuperKamiokande [37] in 1998 and SNO experi-
ment [38] in 2001 in the atmospheric and solar neutrinos, respectively. It solved the
solar neutrino problem that was observed by several experiments, which will be dis-
cussed in Sec. 2.4. The existence of neutrino oscillations shows that the neutrinos have
mass, providing evidence for the new physics beyond the Standard Model and the
mixing of lepton flavours exists. The first idea of neutrino oscillation (ν ⇄ ν̄) was
suggested by Pontecorvo in 1957, which was motivated by K0 ⇄ K̄0 mixing [39]. In
1962, Z. Maki, M. Nakagawa, and S. Sakata introduced the concept of mixing of flavour
and mass eigenstates [40]. The theory of neutrino oscillation was further developed by
several people, for which the historical details can be found in Ref. [33].

1.2 Neutrinos in the Standard Model

The Standard Model (SM) of particle physics [41] incorporates the fundamental forces
of strong, weak, and electromagnetic interactions. In the SM, eight gluons, three weak
bosons (W±, Z), and photon mediate the strong, weak, and electromagnetic forces, re-
spectively. The SM also includes Higgs boson, responsible for the mass generation.
The other particles, which includes six quarks, three charged leptons, and three neu-
trinos, in SM are fermions with half-spin. All charged particles interact through the
electroweak force and the quarks also participate in the strong interactions.

In the SM, neutrinos are chargeless and their interactions is governed by the weak
forces, implying they interact through the weak Charged Current (CC) via the ex-
change of the W± or through the weak Neutral Current (NC) via the exchange of the
Z boson. Neutrinos are part of the lepton doublets, where there exists one neutrino
for each charged lepton, l = e, µ, τ, which are referred to as neutrino flavors: electron
neutrino νe, muon neutrino νµ, and tau neutrino ντ. There also exists a corresponding
antineutrino for each neutrino, with half spin and no electric charge. Antineutrinos
differ from neutrinos by having opposite sign of lepton number L, which is +1 for
neutrinos and charged leptons, and -1 for antineutrinos and charged anti-leptons. In
the SM, a Yukawa coupling of the Higgs field with the fermion right-handed and left-
handed component generates the masses of the fermions. The right-handed neutrinos
are not included in the SM as they have not been observed, while only left-handed neu-
trinos and right-handed antineutrinos exist in SM. Hence, no Yukawa interaction can
be built for neutrinos and consequently, the neutrinos are massless in the SM. How-
ever, the discovery of neutrino oscillations shows that neutrinos have masses. There
are different proposed models that can introduce the neutrino mass in the theory [36].
The absolute mass of neutrinos and the nature of mass (Dirac or Majorana) is also not
known, which will be discussed be in Sec. 1.5. The SM contains no sterile neutrinos,



10

which are defined as having no SM interactions, which will also be discussed be in
Sec. 1.5.

1.3 Neutrino oscillation

In a charged-current weak interaction, a neutrino of a certain flavor α (= e, µ, τ), is
created from a charged lepton or with a charged anti-lepton of same flavor α. However,
after travelling some distance, there exist a finite probability to detect the flavor of the
neutrino, that differs from its initial flavor. This phenomenon is referred to as the
neutrino oscillation. In the theory of neutrino oscillations [36, 39, 40, 42], the neutrino
flavor eigenstate |να⟩ is a coherent superposition of mass eigenstates |νj⟩ (j = 1, 2, 3),
with weights proportional to U∗

αj:

|να⟩ = ∑
j

U∗
αj|νj⟩, (1.3)

where U is an unitary mixing matrix, which is referred to as the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix. Assuming that the massive neutrino states evolve
in time as the plane waves in vaccum and considering the ultra-relativistic nature of
neutrinos, the solution of the Schrödinger equation for the neutrino mass state can be
written as:

|νj(t)⟩ = e−i(Et−pjL)|νj(t = 0)⟩ ≈ e
−i

(

m2
j

2E

)

L

|νj⟩, (1.4)

where t is time, L is the distance travelled, m denotes mass, and E is energy of neutrino.
Therefore, the time evolution of neutrino flavor eigenstate is:

|να(L)⟩ = ∑
j

U∗
αje

−i

(

m2
j

2E

)

L

|νj⟩. (1.5)

Here, the natural units, c = h̄ = 1, are used. Now, the probability to detect flavor β
after a distance L, is calculated as [36]:

Pαβ(L) = |⟨νβ|να(L)⟩|2,

= ∑
j,k

UαkU∗
βkU∗

αjUβje
−i

(

∆m2
jk

2E

)

L

,
(1.6)

where ∆m2
jk = m2

j − m2
k, is called mass-splitting. It can be seen that neutrino oscillations

occur only if neutrinos are massive as well as the mass states have different masses,
so that the neutrino mass-splitting is non-zero. If α = β, Pαβ is called the survival
probability, otherwise it is referred to as the appearance probability. For a simple two
flavor model, which is reasonable approximation due to the large difference in the
mass splittings, the PMNS matrix is given by:

U =





cos θ sin θ

− sin θ cos θ



,

where θ is the mixing angle. In this case, the probabilities are given as:

Pαβ, α ̸=β = sin2(2θ) sin2
(

∆m2L

4E

)

, (1.7)
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Normal Ordering Inverted Ordering

θ12 [◦] 33.67 +0.73
−0.71 33.67 +0.73

−0.71

θ23 [◦] 42.3 +1.1
−0.9 48.9 +0.9

−1.2

θ13 [◦] 8.58 +0.11
−0.11 8.57 +0.13

−0.11

∆m2
21 [10−5 eV2] 7.41 +0.21

−0.20 7.41 +0.21
−0.20

∆m2
3l [10−3 eV2] +2.505 +0.024

−0.026 -2.487 +0.027
−0.024

δCP [◦] 232 +39
−25 273 +24

−26

Table 1.1: Oscillation parameters in the three neutrino flavor framework from global data fit (March
2024). The number in the 1st and 2nd column are obtained assuming Normal Ordering (NO) and Inverted
Ordering (IO) of neutrino mass eigenstates, respectively (see Sec. 1.5). Here, ∆m2

3l = ∆m2
31 > 0 for NO

and ∆m2
3l = ∆m2

32 < 0 for IO. Taken from [43].

Pαα = 1 − sin2(2θ) sin2
(

∆m2L

4E

)

. (1.8)

Generally, the probability Pαβ is given as:

Pαβ = δαβ − 4 ∑
j>k

ℜ
(

UαkU∗
βkU∗

αjUβj

)

sin2

(

∆m2
jkL

4E

)

+ 2 ∑
j>k

ℑ
(

UαkU∗
βkU∗

αjUβj

)

sin

(

∆m2
jkL

2E

)

. (1.9)

Given the 3 known neutrino flavor eigenstates, the 3×3 PMNS matrix is written as the
following parametrization:

U =











1 0 0

0 c23 s23

0 −s23 c23





















c13 0 s13e−iδCP

0 1 0

−s13eiδCP 0 c13





















c12 s12 0

−s12 c12 0

0 0 1





















eiα1/2 0 0

0 eiα2/2 0

0 0 1











,

where sij = sin θij, cij = cos θij and θij (for ij = 12, 13, 23) are the mixing angles. Here,
θ23 is the atmospheric mixing angle and θ12 is the solar mixing angle, as they are used,
at an leading order, to describe the oscillations of atmospheric muon neutrinos and
solar electron neutrinos, respectively. The mixing angle θ13 couples the atmospheric
and solar neutrino oscillations and have been measured by reactor experiments (see
Sec. 1.4). Similarly, ∆m2

32 and ∆m2
21, in eq. 1.9, are the atmospheric and solar mass-

splitting parameters, respectively. The Dirac CP violating phase, δCP and Majorana
phases, α1, α2 are also included in the matrix. The phases δCP, α1, and α2 ∈ [0, 2π].
More discussion on the δCP parameter can be found in Sec. 1.5. The diagonal Majorana
phase matrix does not have an effect on the neutrino oscillations and exists only if the
neutrinos are Majorana, that is, if neutrinos are their own anti-particle. The current
best estimates on the three neutrino oscillation parameters are reported in Table 1.1,
which are obtained from global analysis of data [43] from different sources (Sec. 1.4).
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Neutrino oscillation in matter

When neutrinos pass through the matter, its probability of flavor transformation is im-
pacted due to the coherent forward scattering off electrons in matter. This is known
as the "Mikheyev–Smirnov-Wolfenstein" (MSW) effect [44, 45]. This is particularly rel-
evant for the solar neutrinos, discussed in Chapter 2, as they are produced in the elec-
tron flavor and propagates through the dense solar medium. This is due to the fact that
only electrons exist in the standard matter but not the muons or tau leptons. Therefore,
the electron neutrinos travelling in matter experience the charged current (CC) inter-
actions, through which other flavors of neutrinos do not interact in matter. This give
rise to an extra interaction potential V, for electron neutrinos travelling in the matter:

V =
√

2GFNe, (1.10)

where GF is the Fermi coupling constant and Ne is the matter electron density. This
interaction potential is added to the vacuum Hamiltonian in the Schrödinger equation
to take into account the matter effect [36,46]. In this case, the mixing angle in matter is:

cos 2θM
12 =

cos 2θ12 − A
√

sin2 2θ12 + (cos 2θ12 − A)2
, (1.11)

where A is given as:

A =
2
√

2GF cos2 θ13NeE

∆m2 . (1.12)

When there is a combination of E as well as Ne such that A = cos 2θ12, the maximal
mixing occurs. This is called the MSW resonance condition.

In the solar neutrino sector, the values of mixing paramters (∆m2
12 ∼ 7.5 × 10−5 eV2

and sin2 θ12 ∼ 0.3) corresponds to the so-called large mixing angle (LMA) solution, fa-
vored by global analysis of solar neutrino experiments data. Using the MSW effect on
neutrino flavor conversion in the solar neutrino experiments, the positive sign of ∆m2

21
has also been established [47]. For the MSW-LMA solution, the survival probability of
solar neutrino is approximated to [1, 48]:

PMSW−LMA
ee = cos4 θ13(

1
2
+

1
2

cos 2θM
12 cos 2θ12). (1.13)

The MSW survival probability corresponds to the vacuum survival probability at low
energies typical for pp neutrinos, while the matter dominated oscillations occur for
high energy 8B neutrinos (see Sec. 1.4 and Chapter 2). There also exists a transition re-
gion between the two regions, which exhibits a strong energy dependence. The energy
dependent survival probability of solar neutrinos is shown in Fig. 4.1a in Chapter 4,
obtained by the Borexino experiment.

1.4 Sources of neutrinos

Reactor neutrinos: The nuclear reactors are the strongest manmade source of neutri-
nos. As discussed in Sec. 1.1, the first discovery of neutrinos was made in 1956 using
the nuclear reactor. The commercial nuclear reactors generate power via the fission
of uranium and plutonium isotopes, mainly 238U, 241Pu, 235U, and 239Pu. The elec-
tron antineutrinos are released by the β-decay of the fission products. On average,
each fission releases about 200 MeV of energy with about six ν̄e’s. A 1 GWth of thermal
power of reactor produces about 2×1020 ν̄e’s per second [36]. The reactor neutrino flux



13

is calculated as:

Φ(Eν) =
Pth

∑
isotopes
i fi × Ei

isotopes

∑
i

fi × Φi(Eν), (1.14)

where Pth, fi, Ei, and Φi(Eν) are the thermal power of reactor, fission fraction of each
isotope, energy released per fission, and neutrino spectrum of each fission isotope [49],
respectively. The energy spectrum of reactor antineutrinos extends to about 10 MeV.
If the reactor antineutrinos changes their flavor, the charged current interaction can
not happen for the muon and tau flavored antineutrinos, as the energy would not be
sufficient to produce heavier charged leptons. Therefore, the reactor experiments look
for ν̄e disappearance and the survival probability is given by [50]:

Pν̄e→ν̄e = 1 − sin2 2θ13

[

cos2 θ12 sin2

(

∆m2
31L

4E

)

+ sin2 θ12 sin2

(

∆m2
32L

4E

)]

− cos4 θ13 sin2 2θ12 sin2

(

∆m2
21L

4E

)

. (1.15)

The reactor antineutrinos are usually detected through the IBD interaction in liquid
scintillator detectors. It is a CC process between electron antineutrinos and proton,
as given in eq. 1.2. The antineutrinos, only with an energy greater than 1.8 MeV, can
participate in the IBD interaction. An IBD event is detected through the positron and
neutron, produced in the IBD reaction. In this reaction, the positron carries almost all
energy of the neutrino. The positron deposits its kinetic energy and annihilates into
two 0.511 MeV γ-rays. This gives a prompt signal with a visible energy Ep, which is
correlated with incident antineutrino energy Eν̄e :

Ep = Eν̄e − 0.784MeV. (1.16)

The neutron scatters in the detector and then, is captured by a proton within ∼200 µs,
which mainly releases a 2.2 MeV γ-ray. The interaction of γ-ray in the medium results
in a delayed signal. The time and space coincidence of the prompt and delayed signal
helps to distinguish the backgrounds from antineutrino events. At the order of few
MeV, the cross section of IBD interaction is about 100 times more than the cross section
of the elastic scattering channel.

The reactor antineutrinos have been used to determine some of the oscillation pa-
rameters. In 2002, the KamLAND experiment in Japan observed the first neutrino
oscillation pattern [51]. The flux-weighted average baseline of KamLAND experiment
corresponds to about 180 km, taking into account >50 reactors. The measurements
from KamLAND confirmed the large value of mixing angle of LMA solution and as
well as ∆m2

21 was determined with high precision [52]. In 2012, the first discovery of
non-zero value of the smallest neutrino mixing angle, θ13 was made using the reac-
tor neutrino experiments, Daya Bay in China [53] and RENO in Korea [54], with first
indications from Double Chooz [55]. All these reactor neutrino experiments, measur-
ing θ13, had a baseline of ∼1 km. These experiments also employed near detectors at
distance of few hundred metres from the reactor to allow measurement of relative an-
tineutrino rate and reduce the reactor and detector systematic uncertainties from neu-
trino flux, target mass, and detection efficiencies. The JUNO detector, an upcoming
reactor neutrino experiment, will also contribute to the studies of neutrino oscillations
by improving the precision of known oscillation parameters and by determining the
neutrino mass ordering, which is its main goal. The details of the experiment will be
discussed in Chapter 6.
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The reactor experiments have also been used for the detailed measurements of the
antineutrino flux and shape of reactor antineutrino energy spectra. As a result of re-
evaluation of the reactor antineutrino flux calculations in 2011 [56], a 6% deficit was
observed in the measured reactor antineutrino flux in the very short baseline reactor
experiments (L<100 m) compared to the predicted flux [57]. This is called the reactor
antineutrino anomaly (RAA), which has been confirmed by the θ13 measuring reactor an-
tineutrino experiments [58–60]. One popular hypothesis to explain RAA has been the
neutrino oscillations from active to sterile neutrinos [57], which has not been confirmed
so far. Several experiments [59, 61, 62] indicated the possibility of correlation of RAA
with the predicted 235U fission yield. The discrepancy between the shape of reactor
antineutrino energy spectra from the predicted ones, is called the "5 MeV bump". This
refers to an excess of ν̄e events over the expected energy spectrum around 5 MeV. It was
first reported by RENO experiment [63] in 2014 and then, it was soon confirmed by sev-
eral experiments with baselines ranging from order of 10 m to 1 km. The origin of this
excess is still under debate. The details can be found in Ref. [64]. DayaBay provided
the improved measurement of the reactor antineutrino flux and spectrum with very
large statistics of about 3.5 million IBD events [65]. The JUNO-TAO experiment [66],
which is also discussed in Chapter 6, will address these anomalies by measuring the
reactor neutrino spectrum more precisely.

Atmospheric neutrinos: Atmospheric neutrinos are produced in the atmosphere of
the Earth, due to the interactions of cosmic ray protons and heavy nuclei as well as the
subsequent decays of kaons and pions. This leads to secondary weak decays of pions
and muons:

π± → µ± + νµ(ν̄µ), (1.17)

µ± → e± + νe(ν̄e) + ν̄µ(νµ). (1.18)

The energy spectrum of atmospheric neutrinos, typically ranges from a fraction of GeV
up to ∼100 TeV. At low energies, typically below 1 GeV, the probability of the parent
particles in the decay chain is almost equal and the ratio of the number of muon to
electron neutrinos is about 2. At higher energies, the ratio is higher as muons are less
probable to decay before reaching ground. The atmospheric neutrino experiments be-
gan in 1960s. The atmospheric neutrinos were first observed by the Kolar Gold Field
experiment in India [67] and East Rand Proprietary Mine in South Africa [68]. In 1998,
SuperKamiokande experiment reported the evidence for the neutrino oscillations us-
ing atmospheric neutrinos for the first time [37]. Here, the signal manifests as the dis-
appearance of the muon neutrinos. The measurements of atmospheric neutrino oscil-
lations constrains the parameters θ23 and ∆m2

32. While the identification of ντ is exper-
imentally challenging, which could provide an experimental proof of νµ − ντ oscilla-
tion, the SuperKamiokande experiment provided evidence of tau neutrino appearance
using atmospheric neutrino data with 4.6σ significance [69]. IceCube also reported the
measurement of atmospheric tau neutrino oscillations [70]. Other experiments mea-
suring atmospheric neutrino include ANTARES [71] and IceCube-DeepCore [72] that
provided atmospheric neutrino oscillation measurements through νµ disappearance.
Since the atmospheric neutrinos experience matter effects while travelling through the
Earth, the neutrino mass ordering determination is also possible with atmospheric neu-
trinos. The atmospheric neutrinos will also be exploited in JUNO for the neutrino mass
ordering determination, complementary to the reactor antineutrinos.

Accelerator neutrinos: The neutrinos from accelerator based sources are produced
by colliding a beam of protons with a fixed target. This produces pions and kaons,
which are focused using magnetic horns to create a collimated sign-selected beam.



15

Then, this enters a decay region, where they decay to neutrinos and leptons species.
The undecayed mesons and muons are stopped in the beam absorber. As pions are
the dominating product in the high energy collisions, a conventional neutrino beam
contains a high portion of muon-type of neutrinos or antineutrinos. Kaon and muon
decays also produce a small contamination of electron neutrinos. Most accelerator
based neutrino beams operate using this same basic design. The accelerator neutrinos
typically have energy in the order of GeVs. The first accelerator experiment dates back
in 1960s, which was used to test that νµ and νe are distinct particles [29]. In acceler-
ator neutrino experiments, the disappearance channel of muon neutrinos into other
flavors are used for the measurement of atmospheric oscillation parameters. The νe

appearance channel is typically used for measuring δCP and studying the neutrino
mass ordering by comparing the neutrino and antineutrino oscillation probabilities
(see Sec. 1.5). The long baseline experiments has a baseline of few hundreds to a thou-
sand km. The current generation long baseline accelerator neutrino experiments in-
clude T2K in Japan [73] and NOvA in USA [74]. The T2K and NOvA experiments
correspond to the baselines of 295 km and 810 km, respectively. Both experiments use
the off-axis beam at an angle of 2.5◦ and 0.84◦, respectively, in order to produce a peak
in neutrino energy spectrum at an energy corresponding to first oscillation maximum.
Each experiment also has two detectors: near and far, where near detector is placed
close to the source to measure the neutrino flux before oscillations. This is required
to measure the neutrino energy spectrum and constrain flavor composition of the pro-
duced muon neutrino beam as it may contain a small contamination of other neutrino
flavors. In addition, the near detectors, along with far detectors, are used to reduce
the systematic uncertainties from neutrino flux and neutrino interaction cross section.
The most precise estimates of δCP, θ23, and |∆m2

32| are obtained from the data of long
baseline accelerator neutrino experiments, such as T2K, NOvA, and MINOS [75]. The
future long baseline experiments are DUNE in USA [76] and HyperKamiokande [77]
in Japan.

Geoneutrinos: Geoneutrinos are the antineutrinos produced by the natural radioac-
tive isotopes, present inside the Earth. These elements are mainly 235U, 238U, 232Th,
and 40K, as the decay half-life of 235U, 238U, and 40K is comparable to and the half-life
time of 232Th exceeds the Earth’s age [78]. Due to the lithophilic nature of these iso-
topes, it is expected that the geoneutrino fluxes originate from only crust and mantle
of the Earth, where a larger contribution is typically from the crust. The measurement
of geoneutrino flux provides a crucial, direct information about the composition of the
Earth’s interior, which is otherwise nearly impossible to obtain using traditional meth-
ods like seismology. The direct connection between geoneutrinos and the radiogenic
heating of the Earth helps to gain insights about the formation and evolution of Earth,
which is the one of fundamental questions in Geoscience [78]. The geoneutrinos are
typically measured using IBD interactions in the liquid scintillator detector. Due to
the IBD threshold, the geoneutrinos from only 238U and 232Th are detected as their en-
ergy spectrum extends upto 3.27 MeV and 2.25 MeV, respectively. The measurement of
geoneutrino fluxes from Th and U have been provided by KamLAND [79] and Borex-
ino [78] experiments. KamLAND measured 183 events with ∼15% precision in about
14.3 years, where a period of low reactor background is included. Borexino measured
about 53 events with ∼17% precision in about 8.9 years. Borexino also provided evi-
dence of geoneutrino signal contribution from the Earth’s mantle. The future experi-
ments, such as JUNO (see Chapter 6), SNO+ [80], and Jinping [81], aim to provide high
statistics geoneutrino measurements, including separating contributions from U and
Th as well as from the Earth’s crust and mantle.
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Supernova neutrinos: A core-collapse supernova (SN) is one of the most powerful
cosmic sources of neutrinos. It originates from the death of stars with a mass greater
than about 8 to 10 times the solar mass. At the end of the stellar evolution of these
stars, their core, consisting primarily of iron, grows by silicon burning in the outer
layers. Once the Chandrasekhar mass limit has reached for the star’s core, this core
collapses under gravity. When it reaches nuclear density, the collapse stops and the
incompressible core bounce back and results in an explosion. This emits 99% of the
gravitational binding energy in the form of neutrino and antineutrinos of all flavors.
About 1058 neutrinos are released in the burst in about 10 seconds with energies in
the order of MeV [82], along with the ejection of stellar debris. The detection of su-
pernova neutrinos will be crucial to test and compare supernova models, leading to
the understanding of explosion mechanisms. They can also be used to probe the neu-
trino flavor mixing and neutrino-neutrino interactions under high density conditions
which are present in the dense supernova matter [83]. The burst of neutrinos have been
detected from SN 1987A in the Large Magellanic Cloud by Kamiokande-II [84], Irvine-
Michigan-Brookhaven (IMB) [85], and Baksan experiments [86], primarily through the
IBD reaction. Even though the recorded statistics of supernova events were low, they
confirmed the general mechanism of the core collapse as well as allowed to put lim-
its on exotic physics [87]. At the same time, the determination of supernova and
neutrino parameters was not possible. Future detectors such as JUNO [82], Hyper-
Kamiokande [77], and DUNE [76] will be able to gather a large statistics of supernova
neutrinos, provided the core-collapse occurs, as only one to three galactic core col-
lapse supernovas per century are expected. Moreover, the detection of the so-called
pre-SN neutrinos, which are emitted before core collapse via the thermal and nuclear
weak processes, is also possible in future detectors like JUNO [82]. As the supernova
neutrino burst is emitted promptly after the core collapse, a world-wide network of
neutrino detectors, the so-called Supernova Early Warning System (SNEWS) has been
established [88]. This will provide fast warning to astronomers about the SN burst,
as it is expected that the first photons from shock breakout will arrive Earth at a de-
lay of several hours after the neutrino wavefront reaching Earth. Even though the
galactic SN events are rare, the SN explosions occur frequently in the visible universe.
The so-called Diffuse Supernova Neutrino Background (DSNB) is integrated neutrino
flux from all the past core-collapse supernovae. Their detection can be useful to probe
the processes which occur on cosmological scales in time or space including the cos-
mic star formation rate and the fraction of failed black hole forming supernovae. Su-
perKamiokande [89], KamLAND [90], and Borexino [91] has provided constraints on
the flux of DSNB. The upcoming detectors that will search for DSNB are Gadolinium-
doped SuperKamiokande [92] as well as JUNO [93].

Solar neutrinos: Electron neutrinos are produced in the nuclear fusion reactions,
generating energy in the core of the Sun. These reactions occur via two main mech-
anisms: the pp chain and the CNO cycle. Considering that it takes about 100,000 years
for photons to propagate from the energy producing region to the Sun’s surface, it takes
only 8 min for solar neutrinos to travel from their production region to the Earth [1].
This is attributed to the weakly interacting nature of neutrinos that they can travel
without being deflected or absorbed. Therefore, solar neutrinos are the excellent direct
probes of the Sun’s core and the solar energy generation. The development of Standard
Solar Models [94] is also benefited by the implications of solar neutrino measurements
on the determination of metal abundances in the Sun’s core, which will be discussed in
Chapter 2. Solar neutrino measurements are also used as probes to the neutrino prop-
erties and its interaction in matter. In fact in the past, the solar neutrino measurement
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Figure 1.1: Illustration of the two neutrino mass orderings: normal hierarchy (left) and inverted hi-
erarchy (right). Here, (∆m2)atm is ∆m2

31 for normal hierarchy and ∆m2
32 for inverted hierarchy. The

parameter (∆m2)sol corresponds to ∆m2
21. The color shading represents the fraction |Uαi|2 of each neu-

trino flavor, α = e, ν, τ contained in each mass eigenstates. From [96].

has contributed to the evidence of neutrino flavor transformation [38]. A global analy-
sis of all solar neutrino measurements provided the most precise determination of θ12
angle [36, 48]. The electron neutrino survival probability can be measured for differ-
ent solar neutrino species and energy range from sub-MeV to about 15 MeV. Borexino
has simultaneously tested the neutrino flavor conversion in the vacuum and matter
dominated regime [1]. If matter effects were not present, the survival probability cor-
responds to the averaged vacuum oscillations:

Pvacuum
ee = cos4 θ13(1 −

1
2

sin2 2θ12) + sin4 θ13, (1.19)

which does not depend on the energy of neutrino. However, the survival probability
is dominated by vacuum oscillations below 1 MeV (Pee ≈ 0.54) and for energies higher
than about 8 MeV, it is matter dominated (Pee ≈ 0.32) (see Sec. 1.3). For intermediate
energies, a smooth transition occurs and the exact shape of this transition region is pos-
sibly sensitive to different models of non-standard interactions. Thus, solar neutrino
measurements may also reveal the effects of physics beyond the Standard Model [95].
Chapter 2 provides a comprehensive overview of solar neutrino production reactions
as well as the Standard Solar Model and open questions. All solar neutrino experi-
ments are also summarized in the next chapter.

1.5 Open questions in neutrino physics

Neutrino mass ordering (NMO): In the standard three neutrino flavor framework,
there exists six independent parameters, which drive the neutrino oscillations: neu-
trino mass-squared differences ∆m2

21 and ∆m2
31 (or ∆m2

32), the mixing angles θ12, θ13,
and θ23, and the CP-violating phase δ. The parameters ∆m2

21, |∆m2
31| (∼=|∆m2

32|), θ12
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and θ13 are better-known parameters from a number of atmospheric, solar, accelera-
tor, and reactor neutrino experiments [36]. One of the open questions for the neutrino
oscillation is the sign of ∆m2

31 (or ∆m2
32), which relates to the problem of NMO. It has

been established from the MSW effect on neutrino flavor conversion in the solar neu-
trino experiments that the sign of ∆m2

21 is positive, that is m2 > m1 [47]. However, it
is not known which ordering of neutrino mass is true: the normal neutrino mass or-
dering m1 < m2 < m3 (NO) or the inverted neutrino mass ordering m3 < m1 < m2
(IO). Here, the neutrino states ν1, ν2, ν3, whose masses correspond to m1, m2, m3, are
defined according to the decreasing order of electron flavor content. This is schemat-
ically shown in Fig. 1.1. Thus, it is in debate whether ∆m2

31 > 0, which is true for NO
or ∆m2

31 < 0, true for IO. The determination of neutrino mass ordering is of fundamen-
tal importance in the field of particle physics, astrophysics, and cosmology including
understanding of the origin of neutrino masses and flavor mixing, neutrinoless double
beta decay search, supernova neutrino oscillations, and cosmological probes of abso-
lute neutrino mass scale [50]. The long-baseline accelerator as well as atmospheric
neutrino experiments are sensitive to the NMO measurement through MSW effects.
In the long baseline accelerator experiments such as NOvA [74] and DUNE [76], the
appearance of electron (anti)neutrinos from initial muon (anti)neutrinos is sensitive
to mass ordering. Moreover, there exists a degeneracy between the determination of
NMO and δCP in the long baseline accelerator neutrino experiments. Similar approach
based on matter effects will be used via atmospheric neutrino by many future exper-
iments, such as INO [97], PINGU [98], ORCA [99], and HyperKamiokande [77], for
the NMO determination. Complementary to the NMO measurement via MSW effect,
it is possible to determine NMO from vacuum antineutrino disappearance probabil-
ity in the reactor neutrino experiments such as JUNO. At a baseline of 52.5 km, where
JUNO is located, the reactor neutrino oscillation pattern is driven by both small (∆m2

21)
and large (∆m2

31 and ∆m2
32) mass splitting, which will be described in Chapter 6. The

fast small oscillation peaks in the oscillated neutrino spectrum due to ∆m2
31 and ∆m2

32
are sensitive to the mass hierarchy, which will be utilized by JUNO for NMO deter-
mination [100]. While the normal ordering is preferred by some current experiments
[73, 74], the future experiments are expected to answer this question.

Absolute neutrino mass and its nature: The discovery of neutrino oscillations have
proven the existence of non-zero neutrino masses, an evidence of physics beyond the
Standard Model. While all the neutrino oscillation experiments provide rather pre-
cise measurements of the neutrino mass splitting, they cannot measure the individual
masses of the neutrino. The results from oscillation experiments, however, implies
that at least two of the three neutrinos are massive and the heaviest neutrino mass is at
least 0.05 eV [96]. The information about the mass scale of the neutrino can be probed in
three experimental ways: through the kinematic weak decays, the neutrino-less double
beta decays, and the cosmological observations.

The information on the neutrino mass scale can be obtained using the direct kine-
matic measurements of the β decay or electron capture spectrum. This method is in-
dependent of the mass nature of the neutrino or the cosmological model. Through the
measurement of the distortion in the kinematic end point region in the energy spec-
trum, induced by the non-zero neutrino mass, the incoherent weighted sum of the
neutrino masses can be probed:

mβ =

√

√

√

√

3

∑
i=1

|Uei|2m2
i . (1.20)
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Due to their low Q-value, short-half-lives, (super)allowed transition, and availability,
tritium (3H), that undergoes β decay and holmium-163 (163Ho) undergoing electron
capture, have been adopted as the two beta sources for probing the neutrino mass
scale. They also allow to address mβ(ν̄e) and mβ(νe) independently. The Mainz neu-
trino mass experiment [101] and the Troitsk neutrino mass experiment [102] used the
endpoint region of tritium β decay spectrum, and have reported upper limits on the ef-
fective electron (anti)neutrino mass < 2.3 eV and < 2.05 eV, respectively, at 95% CL. The
latest result on the kinematic search for the neutrino mass in tritium decay has been
given by the KATRIN experiment. It has not found any indication of mβ(ν̄e) ̸= 0 and
set an upper limit of mβ(ν̄e) < 0.8 eV at 90% CL [103]. It is currently running with an es-
timated sensitivity limit of 0.2 eV at 90% CL. The Project8 experiment [104] is a tritium
based neutrino mass experiment, that is exploring a new technique for β-spectrometry
based on cyclotron radiation. It has a potential to reach sensitivity down to mβ(ν̄e) <

40 meV. The electron capture decay of 163Ho will be used to probe the neutrino mass
by ECHo [105] and HOLMES [106] . These experiments use calorimetric techniques of
measuring energy spectrum to search for the signature of neutrino rest mass and are
expected to provide stringent limits on mβ(νe) in the future.

In addition to the neutrino mass, the nature of neutrino (Majorana or Dirac), can
be probed via a search for neutrinoless double decay (0νββ) [107]. If this decay is ob-
served, the neutrinos are Majorana in nature, that is, the neutrinos are their own anti-
particle and the lepton number conservation does not hold. In the Standard Model
(SM) forbidden 0νββ decay mode, no neutrinos are emitted and the decay reaction is
given by: (A, Z) → (A, Z + 2) + 2e−. This type of decay can occur only in the iso-
topes that also undergo SM allowed 2νββ decay and the single-β decay is forbidden
or suppressed. In 0νββ searches, the signature is a monoenergetic peak in the energy
spectrum at end point of the double beta decay. The half-life of the decay is the ob-
servable, determined by the experiments searching for 0νββ decay. Assuming that the
light-Majorana neutrino exchange is dominant for the 0νββ channel, the decay half-life
is [36]:

(T0ν
1/2)

−1 = G0ν|M0ν|2
(

mee

me

)

, (1.21)

where G0ν is the phase space factor, M0ν is the nuclear matrix element of transition,
and mee is the effective Majorana mass of νe, which is given by:

mee = |
3

∑
i=1

U2
eimi|, (1.22)

and can be used to probe neutrino mass scale. The term ∑
3
i=1 U2

eimi is in general
complex and depends on the Majorana phases. Depending upon the value of Ma-
jorana phases, mee can be smaller than mi. The list of commonly used double beta
decay isotopes can be found in Table 1 in Ref. [107]. So far, the 0νββ decay has not
been observed. Therefore, the current most stringent limits derived from different
isotopes are: 1) mee < 79-180 meV and T0ν

1/2 > 1.8×1026 years at 90% CL using 76Ge by
GERDA [108] and 2) mee < 36-156 meV and T0ν

1/2 > 2.3×1026 years at 90% CL using 136Xe
by KamLAND-Zen [109]. The CUORE experiment provided mee < 90-305 meV and
T0ν

1/2 > 2.2×1025 years at 90% CL using 130Te [110]. The spread in mee originates from
the uncertainties in the model dependent nuclear matrix element calculation. These
limits are valid only if neutrinos are Majorana fermions. The next generation exper-
iments [36] of 0νββ searches offers the potential of a discovery at T0ν

1/2 of more than
1028 years [107], which would translate to mee ≈ 5-20 meV, depending on the isotope
and nuclear matrix element calculation.
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Cosmology is also a promising avenue for probing the absolute neutrino mass scale.
Massive neutrinos leave unique imprints on the cosmological observables throughout
the history of the Universe. The cosmological observables allow to constrain the sum
of the neutrino masses [36]:

mtot =
3

∑
i

mi. (1.23)

To date, cosmology provides the strongest mass limits on the sum of neutrino masses.
But they are model-dependent and also depend on the datasets, that need to be com-
bined to break the degeneracy of many cosmological parameters. In the context of
Lambda Cold Dark Matter (ΛCDM) model, the constraint from Planck 2018 satellite
data alone is mtot < 0.26 eV (95%) C.L [111]. When combining these Cosmic Mi-
crowave Background (CMB) observations from Planck with CMB lensing data, Su-
pernova Ia luminosity distances and galaxy cluster data, the most constraining limit
of mtot < 0.09 eV (95%) C.L, is obtained [112]. Future cosmological measurements are
crucial for probing neutrino mass scale, for example, DESI [113] have the sensitivity
the measure the sum of neutrino masses to 0.02 eV.

CP violation: As discussed in the previous sections, the CP violation factor δCP in the
PMNS matrix, can be measured in the long baseline accelerator experiments. The value
of δCP, if different from 0 or π, indicates the violation of charge parity symmetry and
its evidence could provide explanations of matter-antimatter asymmetry in leptons
through leptogenesis [114]. The measurement of δCP relies on a comparison of νe and
ν̄e appearance from νµ and ν̄µ, respectively. The NOvA measurements do not show
large asymmetry in the rates of νe vs ν̄e appearance and exclude δCP = π/2 (for IO) and
δCP = 3π/2 (for NO) with >3σ and >2σ significance, respectively [74]. Recently, T2K
has reported a hint of CP violation at the 2σ level by performing a combined analysis
of neutrino and antineutrino data [73]. The value of δCP, equal to 0 or π, is excluded at
90% C.L. Comparing the results from the two experiments, it has been found that the
experiments consistently favor π < δCP < 2π in IO, while in NO, there is some tension.
However, the current results are statistically limited and the joint analysis is foreseen.
Moreover, the upgrade of these experiments will also address δCP [115]. The future
experiments, DUNE and HyperKamiokande, will have excellent sensitivity to δCP. In
DUNE, the CP violation can be observed with 3σ and 5σ significance after about 5 years
and 10 years, respectively, for 50% of all the values of δCP [116]. HyperKamiokande
will have 5σ sensitivity to CP violation for about 60% values of δCP, after 10 years of
operation [117].

θ23 octant: The fit on the global data [43] indicates that the θ23 deviates from a value of
45◦, which corresponds to maximal mixing angle in the atmospheric sector. However,
it is not known whether θ23 < 45◦ or θ23 > 45◦, which is referred to as the octant degen-
eracy of θ23. As discussed in Sec. 1.4, the atmospheric mixing angle can be measured
by the atmospheric neutrino experiments as well as the accelerator neutrino experi-
ments. The recent oscillation results from SuperKamiokande’s atmospheric data favor
θ23 < 45◦ [118]. However, the long baseline accelerator experiments, T2K and NOvA fa-
vor θ23 > 45◦ values [73,74]. These results corresponds to only mild preferences and the
conclusive solutions are still not known. The next generation experiments are expected
to the resolve the θ23 octant by providing a precise value of θ23 [119].
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Sterile neutrinos: From the measurement of the width of Z-boson at LEP [35], the
number of active neutrino flavors are established to be 3. However, one of the funda-
mental questions in neutrino physics is if there exists sterile neutrinos with no standard-
model coupling, which are undetectable unless they can mix with active neutrinos.
The motivation for the existence of sterile neutrinos originate from several neutrino
oscillation anomalies at different experiments that could not be explained in the stan-
dard three neutrino flavor framework. The LSND experiment, which is an accelerator
neutrino experiment with a baseline of 30 m, found 3.8 σ excess of ν̄e events over back-
ground in the ν̄µ → ν̄e appearance search [120]. This was confirmed by MiniBooNE
experiment with a baseline of 541 m, reporting excess in both ν̄e and νe events, corre-
sponding to 4.8σ significance [121]. The calibration radioactive sources at the Gallium
solar neutrino experiments (see Sec. 2.4) obtained lower event rate than the expected
rate, at about 2.5σ significance. This anomaly is called "Gallium anomaly" [122]. This
result was recently confirmed by BEST experiment [123]. In addition to the reactor
antineutrino anomaly (RAA), discussed in Sec. 1.4, these anomalies have been inter-
preted as the hints for the existence of eV-scale fourth neutrino state, which must be
sterile in nature. A so-called (3+1) scheme is used as a possibility to accommodate
for the sterile mass eigenstate in addition to the three active mass eigenstate, to ex-
plain the anomalies. However, the νµ disappearance signature has not been observed
at such short distances [119, 124], which is expected as the muon neutrinos oscillate to
electron neutrinos through a sterile neutrino state if ν̄µ → ν̄e appearance exists. Under
the assumption of this model, the global fits of νe disappearance and appearance re-
sults are in tension with the νµ disappearance results [36]. These anomalies have been
also scrutinized by recent experiments. The KARMEN [125] and MicroBooNE [126] ex-
periments, located at about 18 m and 470 m from their targets, respectively, observed
no excess of electron neutrino events and hence, no evidence of sterile neutrino os-
cillations is provided. Current and the next generation experiments, such as SBND,
ICARUS, and JSNS2, will further investigate the reported excess from LSND and Mini-
BooNE experiments [36]. Neutrino-4, a reactor neutrino experiment claimed observa-
tion of sterile neutrinos with about 2.7σ [127]. The reactor neutrino experiments, such
as DANSS, NEOS, PROSPECT, and STEREO rejected RAA with a high significance and
found no evidence for oscillation to sterile neutrinos [128]. Therefore, there have been
no conclusive proof of sterile neutrino yet and the next generation experiments will
further test the hypothesis of sterile neutrinos.
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Chapter 2

Introduction to solar neutrinos

This chapter is dedicated to the description of neutrinos emitted in the fusion reactions
occurring in the core of the Sun, the solar neutrinos. The sets of these nuclear reactions
are discussed in Sec. 2.1. The fluxes of solar neutrinos are predicted by Standard Solar
Model (SSM), which is described in Sec. 2.2. It is also discussed that the solar neutrinos
can be powerful probes to understand the metallicity of the Sun’s core, a fundamen-
tal input to SSMs. The solar neutrino interactions, focusing on the elastic scattering
channel which is relevant for this dissertation is discussed in Sec. 2.3. Section 2.4 dis-
cusses various solar neutrino experiments, which are categorised as radiochemical,
water Cherenkov, scintillator, and hybrid experiments. For each category, the past, cur-
rent as well as future solar neutrino projects are also summarized. The backgrounds
relevant for the solar neutrino analysis in the liquid scintillator experiments, within the
context of this thesis, are reported in Sec. 2.5.

2.1 Fusion processes producing solar neutrinos inside the Sun

The Sun shines through the nuclear fusion reactions, in which a 4He nucleus is formed
as a result of the fusion of four Hydrogen nuclei:

41H → 4He + 2e+ + 2νe Q = 26.73 MeV, (2.1)

where two positrons and two (solar) neutrinos are emitted and an energy of 26.73 MeV
is released. This is based on the measurement of masses of hydrogen and helium by
F.W. Aston [129], who found out that four hydrogen nuclei are heavier than a helium
nucleus and two positrons. The idea that the Sun could shine by hydrogen to helium
conversion based on Aston’s findings, was given by A. Eddington in 1920s [130]. The
idea was further developed by Bethe and Critchfield [131]. The stellar nuclear fusion
reactions occur in a narrow energy range, the so-called Gamow peak. The Gamow peak
is the product of the Maxwell-Boltzmann distribution of fusion reactants’ velocity dis-
tribution and the tunneling probability. The area under the Gamow peak determines
the fusion rate.

The net fusion reaction in eq. 2.1 proceeds via two distinct sets of reactions: the
proton-proton (pp) chain or the Carbon-Nitrogen-Oxygen (CNO) cycle, which are shown
in Fig. 2.1. The CNO cycle, which is a closed loop chain of nuclear reactions catalysed
by carbon, nitrogen, and oxygen, was proposed by Bethe and Weizsäcker [132, 133] in
1930s. In the Sun, the pp-chain, studied by Fowler and his colleagues [134] contributes
to about 99% of the total energy production in the Sun. However, it is expected that
the CNO cycle is the primary energy producing process in the hotter and heavier stars,
with a mass greater than about 1.3 times the solar mass. The fusion reactions take place
in the solar core, however, the different types of solar neutrinos emitted in the pp-chain
and CNO cycle have different radial profiles in which the specific reaction type occur,
depending upon the solar chemical composition and the temperature profile [135]. Fig-
ure 2.2 shows the different solar neutrino production from the pp-chain as a function
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(a) (b)

Figure 2.1: The schematic representation of all nuclear reactions in the (a) pp-chain and (b) CNO cycle.
The solar neutrinos emitted in several reactions are also highlighted. From [1].

of the radius in the Sun. The solar neutrinos emitted in both the pp-chain and the CNO
cycle have their own characteristic energy spectra, which is shown in Fig. 2.3.

The pp-chain

The first reaction in the pp-chain is the fusion of two protons with a branching ratio of
∼99.6%, emitting the so-called pp neutrinos:

p + p → 2H + e+ + νe Eν ≤ 0.42 MeV. (2.2)

The pp neutrinos have a continuous energy spectrum with the end point at 0.42 MeV.
The total solar neutrino flux is dominated by pp neutrinos, whose flux corresponds to
≈ 6 × 1010 cm−2 s−1. The alternative three body pep reaction, which also involves e−,
accounts for the remaining ∼0.4% branching ratio. This produces mono-energetic pep
neutrinos with an energy of 1.44 MeV:

p + e− + p → 2H + νe Eν = 1.44 MeV. (2.3)

The flux of pep neutrinos is ≈ 1.4× 108 cm−2s−1. The deuterium 2H, produced in the
above reaction, is then converted to 3He without producing any neutrino. Afterwards,
the chain is divided into branches, the so-called pp-I, pp-II, and pp-III. In pp-I branch,
two 3He fuse together to form 4He and two protons are emitted. The pp-II and pp-III
starts with the production of 7Be by the fusion of 3He and 4He. The pp-II proceeds with
a probability of 99.87%, where 7Li is produced, in addition to the 7Be neutrinos via the
electron capture by 7Be:

7Be + e− → 7Li + νe Eν = 0.862 MeV or 0.384 MeV. (2.4)
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Figure 2.2: The radial profile of solar neutrinos from the pp-chain in the Sun. From [135].

With a probability of about 90%, this reaction produces 7Li in the ground state and a
mono-energetic 7Be neutrino with an energy of 0.862 MeV is emitted. For the remain-
ing 10% probability, it produces the excited state 7Li with the emission of 7Be neutrino
of energy 0.382 MeV. The overall flux of 7Be neutrinos is ≈ 5 × 109 cm−2s−1. The pp-II
terminates through the production of two 4He nuclei by 7Li and a proton. In pp-III,
7Be captures a proton and produces 8B nuclei, which decays via emitting e+ and the
so-called 8B neutrinos:

8B → 8Be∗ + e+ + νe Eν ≤ 15 MeV. (2.5)

The 8B neutrinos has low flux of ≈ 5 × 106 cm−2s−1 and its energy spectrum extends
to about 15 MeV. The pp-III terminates through the dissociation of 8Be∗, produced in
the above reaction, into two 4He nuclei. With a probability of about 2× 10−5%, 4He,
can also be created by:

3He + p → 4He + e+ + νe Eν ≤ 18.77 MeV, (2.6)

via emitting the hep neutrinos, with a continuous energy spectrum having an endpoint
energy of 18.77 MeV. The hep neutrinos have an extremely low flux that they have not
been yet experimentally confirmed. The complete spectroscopy of almost all neutri-
nos from the pp-chain has been performed by the Borexino experiment, which will be
summarized in Chapter 4. The most precise 8B solar neutrino measurement is given
by water Cherenkov experiments, which will be reviewed in Sec. 2.4. The principal re-
actions of the pp-chain with corresponding probabilities, and the associated neutrinos
produced in the reactions are shown in Fig. 2.1a.

The CNO cycle

The CNO cycle, also known as the Bethe-Weizsäcker cycle, is a catalytic process where
C, N, and O act as the catalysts for the nuclear fusion reactions. The contribution of the
CNO cycle is strongly dependent on the star’s core temperature and its metallicity (see
Sec. 2.2). The CNO cycle is sub-dominant in the Sun and it is estimated to contribute
about 1% of the total solar energy production. It has two sub-cycles: CNO-I and CNO-
II, where CNO-I is more dominant (∼99.95% probability). The reactions in the CNO
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cycle are shown in Fig. 2.1b. The reactions, responsible for the emission of neutrinos,
are summarized as follows:

The subcycle CNO-I begins with proton capture by 12C to form 13N and proceeds as
following:

12C + p → 13N + γ. (2.7)

Now, the 13N decays to 13C, with an emission of the so-called 13N neutrinos:

13N → 13C + e+ + νe Eν ≤ 1.2 MeV. (2.8)

The 13N neutrinos have a continuous energy spectrum with an end point at 1.2 MeV.
The flux of 13N corresponds to ≈ 2 × 108 cm−2s−1. The cycle proceeds as follows:

13C + p → 14N + γ, (2.9)

14N + p → 15O + γ, (2.10)
15O → 15N + e+ + νe Eν ≤ 1.73 MeV. (2.11)

In the above reaction, the so-called 15O neutrinos are produced, with a continuous
energy spectrum with an end point at 1.73 MeV. The flux of 15O is ≈ 2 × 108 cm−2s−1.
At this stage, 15N either forms back to 12C as following:

15N + p → 12C + α, (2.12)

or is converted to 16O and further proceeds as below to form subcycle CNO-II:

15N + p → 16O + γ, (2.13)

16O + p → 17F + γ, (2.14)
17F → 17O + e+ + νe Eν ≤ 1.74 MeV. (2.15)

Here, the so-called 17F neutrinos are produced, with a continuous energy spectrum
with an end point at 1.74 MeV, which is almost same as of 15O neutrinos end point. Its
energy spectrum is also degenerate with the 15O neutrino energy spectrum. The flux
of 17F is very low, which is in the order of 106 cm−2s−1.

17O + p → 14N + α. (2.16)

Now, the reaction 2.10 is repeated and the cycle continues as before.
The neutrinos emitted in the CNO-cycle are collectively referred to as the CNO neu-

trinos. The first detection of the CNO solar neutrinos has been performed in 2020 by
the Borexino experiment [2]. Further, Borexino provided an improved measurement
of the CNO solar neutrino flux, which is described in Chapter 4. The individual de-
tection of 13N, 15O, and 17F neutrinos have not been performed experimentally yet.
However, JUNO has the potential to detect them individually, which will be discussed
in Chapter 7.

2.2 Standard Solar Model

The Standard Solar Model (SSM) [94, 137] is a framework that describes the structure
of the Sun and trace the evolution of the Sun to match the present conditions. The SSM
calculations are used to make the predictions on the speed profiles of sound waves in
the Sun as well as the solar neutrino fluxes and are based on the following assumptions:



27

  

7Be (±6%)

pep (±1%)

8B (±12%)

hep (±30%)

pp (±0.6%)

13N (±15%)

15O (±17%)

17F (±20%)

Figure 2.3: The energy spectra of solar neutrinos from the pp chain (solid lines) and CNO cycle (dashed
lines). The spectral shapes are taken from http://www.sns.ias.edu/∼jnb/. The normalization is done
according to flux predictions from the high-metallicity B16-GS98 SSM predictions given in [136,137]. The
units of neutrino flux is cm−2s−1MeV−1 for the continuum sources and cm−2s−1 for the monoenergetic
sources. The values in parenthesis show the corresponding relative uncertainties of the high-metallicity
B16-GS98 SSM predictions. Adapted from [1]. Used in [7].

• The Sun is in a state of hydrostatic equilibrium, where a local balance between the
gravitation force and the pressure gradient is maintained.

• The Sun produces energy using eq. 2.1 via the pp-chain dominantly and with a
small contribution from the CNO cycle. The nuclear cross sections of different
processes are taken from the experiments or the theory.

• The energy transport takes place via radiation and convection mechanisms in the
inner and outer regions, respectively, where the radiative transport is described
by opacity.

• Boundary conditions include the modern Sun’s mass, radius, age, and luminos-
ity. The initial chemical composition and the mixing length parameter are used
to calibrate the SSM. The initial solar (or pre-solar) composition are estimated to
be equal to the present photospheric compositions, corrected for diffusion effects
over the Sun’s lifetime. The chemical composition of the core, which is assumed
to be homogeneous initially, evolves as a function of time only according to the
rates of the nuclear reactions.

Solar metallicity problem

The SSM predictions are tested by the helioseismology, which determines the solar in-
terior properties through the study of propagation of seismic waves at the surface of
the Sun, and the solar neutrino experiments, measuring the solar neutrino fluxes. The
solar metallicity, an input to the SSM, is still poorly understood. The solar metallic-
ity refers to the fraction of elements heavier than Helium, which is a crucial parame-
ter for the SSM. It is denoted by Z/X, where Z is the abundance of elements heavier
than Helium and X refers to the abundance of Hydrogen and Helium in the Sun. The
metallicity is determined experimentally from the spectral analysis of the Sun’s photo-
sphere and sometimes, using the studies of meteorites. The measurements from GS98

http://www.sns.ias.edu/~jnb/
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(Grevesse and Sauval in 1998) [136] provides the metallicity ratio, Z/X = 0.0229. How-
ever, the updated techniques used to derive the abundances, the three-dimensional
hydrodynamic model of the Sun’s atmosphere, yields a lower Z/X ratio = 0.0178, as
given by AGSS09met in 2009 [138]. The newest generation of SSMs, called B16 [137],
using the two different metallicity inputs form B16-GS98 and B16-AGSS09met SSMs.
The predictions from older and high-metallicity SSM B16-GS98 are in agreement with
the helioseismological observations, while this agreement is spoiled with the newer
low-metallicity SSM B16-AGSS09met predictions [137], that provides the best descrip-
tion of the solar atmosphere. The recent metallicity measurements from C11 [139] and
AAG21 [140] also point to the low-metallicity compositions, however, the most re-
cent determination from MB22 [141] provides a high-metallicity ratio. This unresolved
problem is referred to as the solar metallicity puzzle. The metallicity input for the SSMs
also has an influence on the solar neutrino fluxes predictions, as shown in Table 4.1 for
the B16-GS98 and B16-AGSS09met SSMs. The metal content in the Sun core affects the
solar opacity, determining the efficiency of radiative energy transfer and therefore, af-
fects the solar temperature profile and impacts the nuclear reaction rate and neutrino
emissions. It also affects the relative intensity of pp-chain and the CNO cycle. In fact,
the solar neutrino flux predictions from B16-GS98 and B16-AGSS09met SSMs for 7Be
and 8B differ by about 9% and 18%, respectively. Additionally, the CNO neutrino flux
has an additional direct dependence on the metallicity of the Sun’s core, as the CNO
cycle is affected by presence of "metals", namely carbon, nitrogen, and oxygen. The
relative difference in the CNO neutrino predictions by the two models is about 28%.
The CNO neutrinos are a unique probe of the initial chemical composition of the Sun
at the time of its formation, since the metal abundance in the solar core is believed
to be not influenced by the solar surface. Therefore, the precise measurement of the
solar neutrino fluxes, especially the CNO-ν flux, can help to provide a solution to the
solar metallicity puzzle. The recent measurements of the CNO solar neutrino flux by
Borexino experiment has provided insights to the solar metallicity problem, which will
be discussed in Chapter 4. However, more precise measurement of the solar neutrino
fluxes from the future experiments, such as JUNO, is needed to have conclusive results
on the solar metallicity problem.

2.3 Solar neutrino interactions

In the liquid scintillator experiments and water Cherenkov experiments, the solar neu-
trinos interact through elastic scattering (ES) process on electrons. It takes place by the
neutrinos of all flavors:

νx + e− → νx + e− x = e, µ, τ. (2.17)

However, the cross section for scattering of νe is ∼6 times larger than that of νµ and
ντ. This is because νe interacts through both CC and NC interactions, while the other
flavours of neutrinos interact through NC interactions only. At MeV energies, only
νe interact via CC because muons and tau leptons are too heavy to be created. In ES
process, only a fraction of the neutrino energy Eν is transferred to the recoiled electron.
Using the energy and momentum conservation laws for the scattering process, the
gained kinetic energy Te is given by:

Te =
2mec

2cos2θ

(1 + mec2

Eν
)2 − cos2θ

, (2.18)
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where me is the electron rest mass and θ is scattering angle. The elastic scattering
process has no intrinsic threshold. One can also deduce the maximum kinetic energy
of recoiled electron (Tmax

e ):

Tmax
e =

Eν

1 + mec2

2Eν

, (2.19)

which is achieved at cosθ = +1 [142]. This implies that when the maximum energy
is transferred to an electron, the recoiled electron preserves the neutrino direction.
Furthermore, a continuous electron recoil spectrum is obtained even in the case of a
mono-energetic neutrino source, such as 7Be and pep solar neutrinos. The expected
rate of ν-e− interaction in a given target R is calculated as the product of the incoming
neutrino flux, the number of electrons in the target, and the cross section of ν-e− elastic
scattering, taking into account the survival probability of the electron neutrino:

R = Ne

∫

dEν
dΦ

dEν

∫

dTe

[

dσe

dTe
Pee(Eν) +

dσµ,τ

dTe
(1 − Pee(Eν))

]

, (2.20)

where Ne is the electron density of the medium, Φ is the incoming neutrino flux,
dΦ/dEν is the differential energy spectrum of neutrinos, σe and σµ,τ are the elastic
scattering cross section of νe and νµ,τ [142], respectively. Here, Pee is the survival prob-
ability of νe. All the interactions, discussed above, are used in the detection of solar
neutrinos, which will be discussed in Sec. 2.4.

Solar neutrinos also interact through CC and NC interactions on the nuclei, such
as deuterium in the SNO experiment (see Sec. 2.4) and 13C in the JUNO experiment
(see Sec. 6.3). The CC interaction is sensitive to electron neutrinos only, while the NC
reaction is equally sensitive to all flavors of neutrinos. These reactions have been used
to perform 8B solar neutrinos measurement to solve solar neutrino puzzle, which will
be discussed in Sec. 2.4.

2.4 Solar neutrino experiments

While the flux of solar neutrinos on the Earth is enormous (∼ 7× 1010 νe cm2s−1), their
detection is extremely challenging because they only interact very weakly. Therefore,
the measurement of solar neutrinos requires the large detectors to gain a good statistics
as well as the background contribution (see Sec. 2.5) should be kept sufficiently low.
This section provides an overview of the solar neutrino experiments, beginning from
the historical radiochemical methods to the current real-time water Cherenkov and
liquid scintillator ones. The important solar neutrino results in each category are also
summarized. It also briefly mentions the upcoming experiments in these categories,
including the future detectors, whose physics program also covers the solar neutrino
measurement:

Radiochemical detectors

The radiochemical experiments utilize the CC interaction of the electron-neutrinos on
the nuclei of a selected target, which produces the radioactive daughter nuclei. The
number of daughter nuclei is measured, after they are separated from the target nuclei
using the chemical extraction techniques. The daughter nuclei are detected through
their own decay signatures. Due to very low event rates in these detectors, a custom
unit of the SNU (solar neutrino unit) = 10−36 captures per target nucleus per second,
has been defined. In this detection method, the information of the time, direction, and
the energy of an event are lost and the integrated reaction rate over a time period is
measured.
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The first radiochemical detection of solar neutrinos was performed by "the Chlorine
experiment" in the Homestake gold mine in South Dakota, USA [143]. This experiment
was built in the period 1965-1967. It consisted of a underground tank containing ∼615 t
of C2Cl4, which exploited the CC interaction of solar neutrino on 37Cl:

37Cl + νe → 37Ar + e−. (2.21)

The energy threshold of this reaction is 0.814 MeV, which is above the end point of pp-
neutrinos. The Chlorine experiment measured 7Be, pep, CNO, and it covered a large
portion of energy spectrum of 8B solar neutrinos. The half-life of 37Ar is about 35 days.
The produced 37Ar was extracted every two months. After extraction, 37Ar decay via
K-capture, which resulted in X-rays of 2.82 keV and the Auger electrons. The 37Ar
decays were detected in small and low-background proportional counters. The final
result obtained on the average neutrino capture rate in the Homestake experiment was
2.56± 0.16 (stat.)± 0.16 (syst.) SNU. This result is almost one-third of the SSM predic-
tions of that time: 7.6+1.3

−1.1 SNU [144]. This marked the beginning of the so-called solar
neutrino problem, showing a discrepancy between the measured number of solar neu-
trinos and their theoretical prediction.

The Gallium based radiochemical experiments, the Soviet-American Gallium Ex-
periment (SAGE) [145] at the Baksan Neutrino Observatory in Russia, and the Gallium
Experiment (GALLEX)/ Gallium Neutrino Observatory (GNO) [146,147] in Gran Sasso
Laboratory (LNGS) in Italy, followed the Homestake experiment. In these experiments,
the 71Ga served as the target nuclei:

71Ga + νe → 71Ge + e−, (2.22)

where 71Ge, with half-life of 11.4 days, was extracted and its decays were counted in
proportional chambers. The energy threshold of this reaction is 0.233 MeV, which is
lower than that of the Homestake experiment as well as the end point of pp-neutrino
spectrum. Hence, they measured all solar neutrinos. The SAGE experiment used about
50 t of liquid metallic Gallium as target. The GALLEX/GNO experiment used 101 t of
GaCl3, containing 30.3 t of Gallium. The measured neutrino capture rate in all three
Gallium experiments was 66.1± 3.1 SNU, by taking the weighted average of each ex-
periment, which is ∼50% of the theoretical predictions [148]. The deficit observed by
the gallium experiment is smaller than the one seen by the Chlorine experiment, which
is now attributed to the matter enhanced oscillations in the Chlorine experiment and
the vacuum oscillations of solar neutrinos in the Gallium experiment, as the Gallium
experiment was sensitive to the dominant pp solar neutrinos.

Water Cherenkov detectors

The solar neutrino deficit was also observed by Kamiokande (Kamioka Nucleon Decay
Experiment), a 3 kt water Cherenkov detector [149]. It was built in the Kamioka mine
in Japan in 1980s and the main goal of this experiment was the proton decay search. In
Kamiokande, the solar neutrinos interact via the elastic scattering off electrons, where
electrons are recoiled in a direction, correlated with that of the incoming neutrino. The
recoiled electrons produce Cherenkov light. The Cherenkov photons are emitted in
a cone, when the speed of charged particle is greater than the speed of light in the
medium. The emitted photons were detected by 948 photomultiplier tubes (PMTs).
The cosine of angle of the Cherenkov cone (θch) is given by [36]:

cosθch =
c

nv
, (2.23)
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where n is the refractive index in water, v is speed of the charged particle, and c is the
speed of light. The analysis energy threshold was ≥7 MeV in Kamiokande and as a
result, it was primarily sensitive to 8B solar neutrinos, and the light yield was about
40 hits per event [149]. The event position and its energy were reconstructed based
on the position and time of the hit PMTs. It provided the first observation in real time
of the flux of 8B solar neutrinos. The number of measured 8B solar neutrino events in
Kamiokande corresponded to about 49.6% of the SSM predictions [149]. In addition,
it was the first experiment to perform event by event measurement of solar neutrinos
and established their origin with the Sun by using the correlated angle of the event
direction with respect to the solar neutrino direction [150].

The SuperKamiokande detector (SuperK) [151], the successor of the Kamiokande
experiment, started data taking in 1996. It is a Cherenkov imaging detector with same
detection principle as of Kamiokande experiment. It contained 50 kt of pure water
and was instrumented with about 12,000 PMTs. Due to the high energy threshold of
SuperK (≥3.5 MeV for present [152]), it is sensitive to only 8B solar neutrinos. Similar
to the previous experiments, it also measured 8B solar neutrino flux to be about 45% of
the SSM predictions [153].

The solar neutrino puzzle was solved by the Sudbury Neutrino Observatory (SNO)
in SNOLAB in Canada [154]. It was a Cherenkov detector containing 1 kt of heavy
water (D2O) as the target. It has permitted the detection of solar neutrinos through
three different interaction channels including ES, CC, and NC. The CC interaction on
the proton of the deutron:

νe + d → e− + p + p, (2.24)

is sensitive to only νe. As discussed before, ES reaction is sensitive to all flavours of
neutrinos but unequally. The electrons in the ES and CC reactions are detected through
Cherenkov light emission in heavy water, which are detected by about 9500 photo-
multipliers. By comparing the SuperK precision results on 8B-ν flux [153], which was
inferred from ES reaction, with the measured CC reaction rate in SNO, an evidence of
an active non-νe component in solar neutrino flux was provided [155]. In SNO, the NC
interaction on the deuterium is :

νx + d → νx + p + n, (2.25)

which is equally sensitive to all flavours of neutrinos (νx, where x = e, µ, andτ). The
photons, emitted by the neutron capture on deuterium and chlorine from dissolved
NaCl, were detected in the first and second phase of the experiment, respectively.
In the third phase, 3He based proportional counters were used for neutron detection.
These photons produce a photomultiplier signal through Compton scattering on elec-
trons of medium, providing the Cherenkov light for detection. By including the result
of NC reaction in 2002, the SNO experiment established the presence of non-electron
flavoured neutrino component in solar neutrino flux with 5.3σ of statistical signifi-
cance. This result provided a strong evidence for the neutrino flavor transformation,
which was consistent with neutrino oscillations. The total flux of active 8B solar neu-
trinos, measured with NC reaction, is found to be consistent with the theoretical pre-
dictions [38].

Furthermore, the global analyses of all solar neutrino data, including SNO and Su-
perK, favored the LMA solution of the neutrino oscillations [47]. The matter effects on
the solar neutrino oscillations result in the so-called day-night effect. The day-night
effect is due to the fact that high energy 8B neutrinos cross Earth at night, which can
lead to the coherent regeneration of νe as a result of matter effects. Hence, the flux,
measured at night, differ from the one measured at day-time. SuperK experiment has
provided the first indication of day-night effect by measuring the asymmetry between
the experimentally observed 8B neutrino flux at day and at night, implying the matter
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effects on the neutrino oscillations [156]. Moreover, the high precision measurement
of 8B solar neutrinos come from SNO [157] and SuperK [152] experiments. The SNO
experiment has set most stringent upper limit on the hep solar neutrinos [158].

Recently in 2020, the new SuperK experiment (SK-Gd) [92] has started in its sixth
phase with the addition of Gadolinium in the water to increase the neutron capture effi-
ciency. The main goal is to perform the first detection of supernova relic neutrinos pro-
duced by the supernova explosions since the beginning of the Universe. The next gen-
eration of the water Cherenkov detector will be the HyperKamiokande, a Cherenkov
detector that will be filled with 260 kt of extremely ultra pure water and its fiducial
volume will about 10 times bigger than that of the SuperK. It will have a rich variety
of physics program, ranging from the study of the solar, supernova, atmospheric, and
accelerator neutrinos, proton decay search, etc. One of the major goals is to investigate
the CP violation of neutrinos and resolve the neutrino mass hierarchy problem [77].

Liquid scintillator detectors

The liquid scintillator (LS) detectors also constitute the current generation of the so-
lar neutrino experiments, which also includes the ones discussed in this thesis. In LS
experiments, the solar neutrinos are detected through elastic scattering off electrons.
The recoiled electron deposits its kinetic energy in LS by exciting the LS molecules,
which results in the emission of isotropic scintillation photons, that are detected by
the photomultiplier tubes. Typically, a small quantity of a wavelength shifter is added
in LS, which emits the photons at longer wavelengths to allow the photons to prop-
agate through the material, by reducing self-absorption and matching the quantum
efficiency of the photomultiplier tubes. The LS experiments has typically a high light
yield as compared to the water Cherenkov detectors, which allows the study of sub-
MeV solar neutrinos. In LS detectors, the amount of detected light is not simply related
to total energy deposited by the particle. Various effects, such as light quenching as
well as the amount of Cherenkov photons, are also included. The quenching refers to
the process in which the scintillator de-excites without emitting the scintillation light.
It is represented by the so-called quenching factor Q, where Q < 1, introducing a
non-linear relation between the deposited energy and the visible energy. It is given
according to the Birk’s quenching model [159] and depends on the particle type. The
quenching effect of α particles with few MeV of energy is higher than that of the β
particles and consequently, the amount of emitted light is reduced by a factor of ∼10
compared to an electron with the same energy. A non-negligible fraction of Cherenkov
photons are emitted, which is dependent on the wavelength dependent refractive in-
dex of the medium. The spectrum of Cherenkov photons is given by the Frank-Tamm
formula [36]. The wavelength spectrum of the Cherenkov photons are usually not de-
tectable by photomutiplier tubes in LS experiments and hence, a large fraction of it are
absorbed by the scintillator and are re-emitted as isotropic scintillation light. As a re-
sult, the non-directional scintillation photons are dominant in the LS experiments and
are typically used for the solar neutrino analysis (see Chapter 4). However, a method
exploiting the directional Cherenkov photons in the LS experiments has been devel-
oped, which will be discussed in Chapter 5. The LS experiments have additional good
characteristics such as low energy threshold, good energy and position resolutions,
and the pulse shape discrimination capabilities, but they usually suffer from the loss
of directionality as the Cherenkov photons have very small contribution.

The Borexino [160] and JUNO [100] experiments are the liquid scintillator detectors,
which are discussed in detail in Chapter 3 and Chapter 6, respectively. The Borexino
detector, located in the LNGS in Italy, contained 280 t of LS and took data from 2007
to 2021. Due to its unprecedented radiopurity, it has provided exceptional results in
the solar neutrino measurement, which will be discussed in Chapters 4 and 5. The
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upcoming JUNO experiment, located in Southern China, will consist of 20 kt of LS. Its
construction is expected to finish at the end of 2024. The main goal of JUNO is the
determination of neutrino mass ordering, using reactor antineutrinos at a baseline of
about 53 km. Its enriched physics program also includes the solar neutrino measure-
ment, which will be discussed in Chapters 6, 7, and 8.

The Kamioka Liquid Scintillator Anti-Neutrino Detector (KamLAND) detected an-
tineutrinos from more than 50 reactors, with an average baseline of about 180 km and
consisted of 1 kt of LS. The primary goal of the KamLAND experiment was to search
for the oscillation of reactor νe. In 2002-03, KamLAND provided first evidence of
oscillation from reactor antineutrino disappearance as well as confirmed the LMA
solution [51]. In addition, the solar mass splitting ∆m2

12 was determined with high
precision [52]. It has high background contamination levels to perform a complete
solar neutrino spectroscopy, nevertheless, it has provided 7Be solar neutrino measure-
ment [161]. In 2011, KamLAND detector has been modified to KamLAND-Zen, con-
taining 13 t of Xe-loaded LS. The main goal of KamLAND-Zen experiment is the search
for neutrinoless double beta decay [162].

The SNO+ experiment [80], an upgraded version of the SNO experiment, is a liq-
uid scintillator experiment. It started data taking in 2017, where in its first phase, it
was filled with "light" water (H2O) until 2019 and then, it was filled with 780 t of LS in
its second phase. In this third phase, the detector will be loaded with 3.9 t of natural
Tellurium. The main goal of the SNO+ experiment is to search for the neutrinoless
double beta decay. It also offers the exploration of other physics programs that include
the studies of geoneutrinos, solar neutrinos, supernova explosions, and the search of
exotic physics. Recently, it has also provided first event by event directional recon-
struction of 8B solar neutrinos in its liquid scintillator commissioning phase [163].

Hybrid detectors

The development of hybrid detectors encompasses the goal to combine the advantages
of both water Cherenkov as well as LS detectors. The Cherenkov light would provide
the directional information, which can be used for the potential background rejection
and the detector has low energy threshold, as well as a good energy and position re-
construction performances by benefiting from the scintillation light. Currently, there
are ongoing activities that include development of new target materials [164–166], fast-
photo sensors [167], and dichroic reflectors for spectral photon sorting [168].

Theia is one of such proposed hybrid detector [169]. The detector will have a mass
of 25-100 kt and will contain water-based liquid scintillator (WbLS). In Theia, a small
quantity of liquid scintillator will be dispersed in water, in order to reduce the ab-
sorption of Cherenkov photons as well as to produce the scintillation photons. It
will be located at the Stanford Underground Research Facility in USA and will be
equipped with a mix of conventional photomultiplier tubes and Large Area Picosec-
ond Photo-Detectors (LAPPDs), to achieve better photon separation for better event
reconstruction performances. It will have a broad program of physics, including pre-
cision measurement of pp, pep, and CNO solar neutrino fluxes as well as probing of
transition region between the vacuum and matter dominated oscillations. The other
physics goals include the detection of DSNB, measurement of geoneutrinos with un-
precedented statistics, sterile neutrinos search, and long baseline neutrino oscillation
measurements as well as search for CP violation. Theia is planned to be realized in
three phases: in first phase, it will contain low yield WbLS and very fast photosensors
and in the following phase, it will have an enhanced photon detection and high-yield
or slow LS to enable solar neutrino studies. The third phase will include doping with a
neutrinoless double beta decay isotope for the neutrinoless double beta decay search.
More details can be found in Ref. [169].
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The Jinping neutrino experiment [81], a future detector, will be located in China
Jinping Underground Laboratory (CJPL) in Sichuan province in China. The laboratory
is situated about 2400 meters under Jinping mountain. The main goal of this neutrino
experiment is the measurement of solar neutrinos from pp-chain and CNO cycle, in
addition to the geoneutrinos and supernova neutrinos. Two detectors are planned to
be built: one with 2000 t fiducial mass for the solar neutrino studies and other one is
proposed to have 3000 t fiducial mass for the geoneutrinos and supernova neutrinos
measurements. It is under consideration to use a slow LS as the target material, for the
separation of Cherenkov and scintillation light. The fast Cherenkov light can be used
for the directional reconstruction of charged particles, while the scintillation light can
be used for the event energy reconstruction.

2.5 Backgrounds for solar neutrinos in liquid scintillator detectors

In the liquid scintillator experiments such as Borexino and JUNO, the backgrounds
for the solar neutrino analysis can be classified into three categories: internal, exter-
nal, and cosmogenic backgrounds. In addition, the pileup events also constitute to the
backgrounds. The internal backgrounds represent the intrinsic radioactive contami-
nants of the liquid scintillator. The external backgrounds constitute the radioactive
impurities of the materials surrounding the liquid scintillator. The cosmogenic back-
grounds are related to the isotopes produced by cosmic muons crossing the detector.
In this section, the radioactive elements in each of these three categories are discussed,
which are relevant for the solar neutrino analysis described in this thesis and focusing
on the origin, decay type, lifetime, and the Q values [159]. The background levels in
each of the Borexino and JUNO experiments is discussed in Chapter 3 and Chapter 6,
respectively.

Internal Backgrounds

14C : 14C is the most abundant background for the solar neutrino analysis. It decays
via emission of β− and has a mean life of about 8270 years. It is produced by cosmo-
genic reactions in the atmosphere and thus, it is a part of all organic compounds. The
organic liquid scintillators are derived from the petroleum from deep undergrounds
and therefore, are expected have a reduced concentration compared with organic ma-
terials from the surface. Given its low end point at about 156 keV, it usually determines
the low energy threshold for the solar neutrino analysis. 14C is a crucial background
for the pp solar neutrinos due to their overlapping energy spectra.

85Kr : 85Kr undergoes a β-decay with a mean life of about 15.4 years. It has an end
point of 687 keV and has an energy spectral shape, which is very similar to the recoiled
electron spectrum of 7Be solar neutrinos. Thus, it is a crucial background for the 7Be-
ν analysis. 85Kr also decays to 85mRb which is meta-stable nuclei and β particle with
maximum kinetic energy of 173 keV. This decay has a small branching ratio of about
0.43%. The 85mRb decays 85Rb at ground state emitting a 514 keV γ-ray with mean life
of 2.06 µs. This β − γ coincidence can also be used to measure 85Kr concentration. The
origin of 85Kr is the nuclear explosions in the atmosphere and it can contaminate the
scintillator even with very small air exposures.

40K : 40K isotope has a mean life of about 1.85 × 109 years. It decays dominantly via
emitting β-decay with 89.3% branching ratio (BR) and has an end-point of 1310 keV.
It also decays via electron capture with 10.7% probability, resulting in the emission of
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mono-energetic 1460 keV γ-ray. It can enter into the scintillator through dust particu-
lates and its contamination can be reduced with scintillator purification techniques.

232Th : 232Th is an isotope of natural thorium with 100% natural abundance. It decays
into 228Ra by emitting α and has a mean life of 2.03 × 1010 years. The 232Th decay chain
consist of six α and four β decays considering the main branches and it terminates with
a stable 208Pb creation. The 232Th contamination can be inferred using the fast decay
coincidence (τ = 433 ns) of 220Rn daughters, 212Bi-212Po, where 212Bi is a β emitter with
Q value of 2.25 MeV and 212Po undergoes α decay emitting 8.95 MeV energy to create
208Pb.

238U : Due to its natural abundance of ∼99%, 238U is an prevalent isotope of uranium.
It has a mean life of 6.45 × 109 years. 238U isotope decays into 232Th via the emission of
α. Its decay chain consists of 8 α and 6 β decays, that ends with the production of stable
206Pb. The concentration of 238U decay chain can be measured by identifying fast decay
coincidence (τ = 238 µs) of 222Rn daughters, 214Bi-214Po, where 214Bi is a β emitter with
Q value of 3.27 MeV and 212Po undergoes α decay emitting 7.69 MeV energy to create
210Pb.

210Pb : 210Pb is a β emitting isotope in 238U decay chain. It can also be present as
out-of-equilibrium component with 222Rn section, due to its long mean lifetime of
32.2 years and its tendency to absorb on the surfaces. Due to its very low end-point
(Q = 63.5 keV), its energy spectrum lies below region of interest for solar neutrino anal-
ysis as well as the dominant 14C end point. However its daughters, 210Bi and 210Po
constitute major backgrounds.

210Bi : 210Bi, the daughter nuclei of 210Pb, is a β emitter with a mean lifetime of about
7.23 days. It decays to form 210Po and the Q-value of its decay is 1160 keV. This back-
ground is crucial for the CNO and pep neutrino analysis due to their overlapping and
similar energy spectra, which will be discussed in Chapter 4.

210Po : 210Po is an α decaying isotope, with a mean lifetime of about 200 days. The
Q-value of its decay is 5.3 MeV but due to quenching effects, its visible energy spec-
trum lies in the 7Be solar neutrino energy region. 210Po has been utilized to extract
the constraint on 210Bi rate in Borexino for CNO analysis, which will be discussed in
Chapter 4. 210Po can also be present as out-of-equilibrium component with 238U-decay
chain as well as the 210Pb decay, which is critical for 7Be neutrino analysis, which will
be shown in JUNO in Chapter 7.

External Backgrounds

The external backgrounds originate from the materials, that contain and surround the
scintillator. As the radioactive decays of external background isotopes occur outside
the scintillator, only the γ rays reach the inner detector volume and deposit their en-
ergy. The contributing external γ emitting backgrounds for the sub-MeV solar neutri-
nos are 208Tl (Q-value = 2614 keV, τ = 4.4 min), 40K (Q-value = 1460 keV, τ = 1.85 ×
109 years), and 214Bi (Q-value < 1764 keV, τ = 28.4 min) [1,159]. Their contributions are
usually suppressed by using a fiducial volume cut for the analysis. In addition, the
radial distribution of the external γ events is exponential, which is different from the



36

Isotope Q (MeV) Mean lifetime Decay mode

85Kr 0.687 15.4 y β−

40K (BR=89.3%) 1.31 1.85 × 109 y β−

40K (BR=10.7%) 1.46 1.85 × 109 y e− capture + γ

232Th chain 8.8 2.03 × 1010 y α, γ, β−

238U chain 7.8 6.45 × 109 y α, γ, β−

210Pb 0.063 32.2 y γ, β−

210Bi 1.16 7.23 d β−

210Po 5.3 200 d α

Table 2.1: Summary of the internal backgrounds relevant for the sub-MeV solar neutrinos analysis. Note
that for the 232Th and 238U chains, the lifetime of the parent isotope of the decay chain, and the highest
Q value of the chain isotopes [7, 159], are reported.

uniform internal components. This is utilised in the solar neutrino analysis, which will
be discussed in Chapter 4.

Cosmogenic Backgrounds

The liquid scintillator detectors are typically built in an underground laboratory to
suppress the muon flux by serveral orders of magnitude. The cosmogenic backgrounds
are created by the interaction of the residual muons on carbon atoms in the liquid
scintillator. A number of cosmogenic isotopes are produced in this interaction. Many
of them can be removed by using a veto in coincidence with the muons (see Chapter 3).
The remaining isotopes are long-lived such as 11C, 10C, and 6He, as well as their energy
spectra lie in the solar neutrino energy region. So, they constitute backgrounds for the
solar neutrino analysis.

The dominant cosmogenic background is 11C isotope, which is crucial for the mea-
surement of pep and CNO solar neutrinos. It is created through the following reaction:

µ + 12C → µ + 11C + n. (2.26)

With a mean lifetime of 29.4 min, 11C decays via the positron emission:

11C → 11B + e+ + νe. (2.27)

The total energy released ranges from 1.02 MeV to 1.98 MeV, which overlaps with the
energy spectra of pep and CNO solar neutrinos. The other cosmogenic backgrounds,
10C (β+, Q = 3.65 MeV) and 6He (β−, Q = 3.51 MeV), have a mean lifetime of 27.8 sec
and 1.16 sec, respectively [159]. A so-called Three-Fold-Coincidence (TFC) algorithm
has been developed by Borexino [170] and is utilized to identify the cosmogenic events
for the solar neutrino analysis, which will be discussed in Sec. 3.2.3.

Pile-up

The pile-up events refer to the occurrences of two uncorrelated events close in time
such that they are measured as a single event. The dominant pile-up contribution is
due to the overlapping of two or more 14C events as 14C is the most abundant back-
ground. Other possible combinations, such as 14C event with 210Po or the external
backgrounds, also constitute the pileup events as seen by Borexino [1]. It can also
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affect the spectral analysis of solar neutrinos in JUNO, which will be mentioned in
Chapter 6.
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Part II

The Borexino Experiment
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Chapter 3

Introduction to Borexino experiment

This chapter describes the complete Borexino experiment including its design, the ra-
diopurity levels, its past scientific programs, reconstruction algorithms as well as the
simulation software. The chapter starts with a description of the experiment in Sec. 3.1.
The structure of Borexino detector is detailed in Sec. 3.1.1. Section 3.1.2 covers the
description about data acquisition system in Borexino. The summary about the cali-
bration campaign with the goal of understanding the detector response is provided in
Sec. 3.1.3. Section 3.1.4 describes the radiopurity levels achieved in Borexino. Section
3.1.5 is dedicated to the thermal stability operation of Borexino detector, crucial for the
CNO solar neutrino spectroscopy with Borexino.

Section 3.2 provides the description of all the analysis tools and software, developed
and used in Borexino. The energy and position reconstruction of data events in Borex-
ino is summarized in Sec. 3.2.1. The pulse shape discrimination methods and the 11C
identification technique in Borexino are discussed in Sec. 3.2.2 and 3.2.3, respectively.
Section 3.2.4 is dedicated to the explanation of standard cuts applied to select neu-
trino candidates from the collected data in Borexino. The final section of the chapter,
Sec. 3.2.5, describes the Monte Carlo (MC) simulation of Borexino.

3.1 The Borexino detector

Borexino detector started data taking in May 2007 and ended data taking in October
2021. The entire data taking period of Borexino is divided into three phases: Phase-I
(May 2007 - May 2010), Phase-II (December 2011 - May 2016), and Phase-III (July 2016 -
October 2021). Different important detector operations, namely calibration (Sec. 3.1.3),
purification (Sec. 3.1.4), and thermal insulation (Sec. 3.1.5) were also carried out in this
period. The timeline of all phases along with the detector operations is schematically
shown in Fig. 3.1.

Figure 3.1: The timeline of Borexino.

3.1.1 Detector design

Borexino is a liquid scintillator (LS) detector [160], situated underground in the Hall C
of the Laboratori Nazionali del Gran Sasso (LNGS) in Italy. The location of detector has
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Figure 3.2: (a) Scheme of the Borexino detector, taken from [5]. (b) Change in the inner vessel shape
plotted in polar coordinates from December 2011 to October 2021 due to a small leak detected in 2008
[159].

3800 m water equivalent rock shielding above it, which corresponds to comic muon
flux suppression by a factor of 106. The structure of the Borexino detector is depicted
in Fig. 3.2a. Borexino can be divided into two sub-detectors: the Inner and Outer
Detector. The inner detector (ID) and the outer detector (OD) is separated by a stainless
steel sphere (SSS) of radius 6.85 m.

Inside SSS structure, there are two concentric spherical vessels made up of nylon :
the Inner Vessel (IV) and the Outer Vessel (OV) of radii 4.25 m and 5.50 m, respectively.
Each of the two vessels has a thickness of 125 µm. As a consequence of the two vessels,
ID is divided into three layers. The innermost layer contains 278 ton of LS target. The
scintillator is a solution of pseudocumene (PC, 1,2,4-trimethylbenzene) as a solvent and
fluor PPO (2,5- diphenyloxazole) as a solute at concentration of 1.5g/l. PPO is added
to improve the time response and shift the emission wavelength spectrum to higher
wavelengths in order to match the PMT efficiency window. The density of the scintil-
lator is (0.878 ± 0.004) g cm−3, where the error includes the changes during the whole
period due to the temperature variations [78]. The light yield of PC+PPO mixture is
∼10,000 photons/MeV. The other two layers outside the IV consist of a buffer solution
containing dimethylphthalate (DMP) light quencher in PC to shield the core of detector
against external backgrounds (see Chapter 1). Combining the effects of absorption of
scintillator and buffer fluid, the overall light yield is ∼500 photons/MeV of deposited
energy, which corresponds to energy resolution of 5% at 1 MeV. The reconstruction of
time-dependent shape of IV is performed using the reconstructed position of radioac-
tive isotopes present on IV surface on a weekly basis. Since there was a small leak
detected in 2008, it is necessary to take the time dependent deformation of IV shape
into account [159]. Figure 3.2b shows the the inner vessel shape change in polar co-
ordinates in years 2011 and 2021. The OV, immersed in the buffer solution, provides
the shielding against 222Rn emanating from detector materials. There are 2212 pho-
tomultiplier tubes (PMTs), that are mounted on the inner surface of SSS to collect the
scintillation light from the energy deposition by a charged particle interaction in LS.

The OD consists of a water tank (WT) of 9 m base radius and height of 16.9 m
filled with 1 kt of ultra-pure water. It acts as a barrier against neutron and external
γ backgrounds and also the detection and tracking of cosmogenic muons producing
Cherenkov light during their passage in the water. The Cherenkov light emitted in
the water is collected by 208 PMTs placed on the floor of water tank and on the outer
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surface of SSS, which is contained inside water tank. The interior of WT and SSS is
covered by Tyvek material to enhance the light collection efficiency. More details of
the detector design can be found in [160].

3.1.2 Data Acquisition

As summarized in Sec. 3.1.1, ID consists of 2212 PMTs mounted on the inner surface
of SSS that collect the scintillation light from LS, while OD has 208 PMTs to detect
the Cherenkov light produced by the muons in water. As the scintillation photons are
recorded by ID PMTs, the front end electronics performs the analog processing of the
PMT signal. These PMT signals are further processed by the digital electronics system
(so-called Laben boards) providing the arrival time and charge of each light pulse. The
charge in photo-electrons (p.e) is obtained from the pulse integration within the time
window of 80 ns. The digital boards do not resolve multiple photon hits on the same
PMT when the time difference between two consecutive hits is less than 180 ns [159]
and therefore, one recorded hit in electronics can also correspond to more photons.
Then, the data is temporarily saved in an internal buffer and the system looks for a
trigger. The Borexino trigger board (BTB) issues a trigger signal when at least one of
ID or OD is triggered. The ID’s trigger threshold is set to 20-25 PMTs that are hit within
a selected time window (typically ∼100 ns). The information on PMT hits is acquired
in a 16.5 µs data acquisition (DAQ) gate after the trigger of ID. This record is saved in
a VME readable memory. For outer detector, the front end electronic board generates a
signal and a Muon Trigger Board (MTB) sends signal to BTB when at least 6 PMTs are
hit within the time window of 150 ns.

The main physics trigger type for ID events is the so called TT1 & BTB0 when OD
did not see a signal. There also exists a special trigger, TT128, a 1.6 ms long trigger
issued to detect the cosmogenic neutrons after a trigger from internal muon passing
through both ID and OD (TT1 & BTB4). Special triggers such as TT2 for muons de-
tected by OD only, TT64 for monitoring dark noise and 14C dominated energy spec-
trum, electronic pulse trigger (TT32), and laser trigger (TT8) were also developed [160].

Each set of PMT hits, called trigger event, with their hit time and charge info is re-
constructed using ROOT [171] based reconstruction software ECHIDNA, developed by
the Borexino collaboration. This software processes the raw PMT hits by removing the
non-physical PMT hits and the resulting hits are called decoded hits. Then, it groups
the hits belonging to the same scintillation event known as clusters and this process
is called clustering. Each cluster represents a physical event and the reconstruction of
event’s energy and position, particle discrimination are applied on clusters. The clus-
tering algorithm recognizes two physical events as the two distinct clusters if their time
separation is more than ∼230 ns. The raw hits are processed in batches corresponding
to the data taking time of ∼6 hours. These batches are called as runs.

3.1.3 Calibration

In order to determine the neutrino interaction rates with high precision and under-
stand the detector response, several calibration campaigns [172] were carried out be-
tween 2008 and 2011. Internal calibration sources were deployed in four calibration
campaigns between 2008 and 2009: October 2008, January 2009, June 2009, and July
2009. The major goals were the determination of energy scale, study of the non-
uniformity of detector response, testing of the position reconstruction algorithm (Sec. 3.2.1),
validation of the Monte Carlo (MC) simulation (Sec. 3.2.5), study of the systematics of
fiducial volume (Sec. 3.2.4), and the trigger efficiency (Sec. 4.4.3). The internal sources
used were:
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• The mono-energetic γ sources were used for energy calibration.

• The 222Rn-14C as a α/β source was used to probe uniformity of trigger efficiency,
to test position reconstruction performance in the energy region of 0-3.2 MeV, and
to evaluate the systematic error related to fiducial volume selection.

• 241Am-9Be was deployed as a neutron source to perform position studies at higher
energies.

• A laser source of wavelength 394 nm to perform independent check of PMT time
equalization.

The γ-sources are also used for the calibration of Cherenkov light in Borexino and an
improved time calibration using 222Rn-14C is also performed for directional analysis
described in Chapter 5. Additionally, the calibration sources are also used to determine
the fiducial volume systematics in Chapter 5.

In addition, the Borexino detector was calibrated with the external calibration sources
in the outer buffer region. The goal was to study the energy spectrum shape and radial
dependence of external backgrounds (see Chapter 1). A custom made 228Th source
was used to serve this purpose in two external source calibration campaigns: July 2010
and November - December 2011 [172].

3.1.4 Radiopurity levels in Borexino

In order to measure the solar neutrinos, the radiopurity of the detector is a crucial
requirement. The purity levels of Borexino are unprecedented, thanks to the careful
selection of materials surrounding the scintillator and other components along with a
special care taken during construction and installation of the detector components and
many years of R&D efforts. In addition to this, the LS was purified in various steps
in special plants installed near to the detector. The first purification was done in 2007
during the initial scintillator filling. An additional purification campaign was carried
out between July 2010 and November 2011 through several cycles of ultra-pure water
extraction. The main aim of the last extensive purification cycle was to reduce the lev-
els of 210Bi and 85Kr. The levels of 210Bi and 85Kr contaminations were reduced by a
factor ∼2.3 and ∼4.6, respectively [173]. The purification campaign also led to the sig-
nificant reduction of 238U (< 9.4 × 10−20 g/g at 95% C.L) and 232Th (< 5.7× 10−19 g/g at
95% C.L) levels [1]. This corresponds to the concentrations of ∼ 10 orders of magnitude
lower than in any natural material on Earth. 14C is the largest Borexino background,
determining the low-energy threshold of the analysis, see Chapter 4. In Borexino,
there is also contribution from the external backgrounds, namely 208Tl, 214Bi and 40K,
originating from the radioactivity present on the SSS, vessels’ support structure, the
PMTs and the light cones. Their contamination present on each component, is reported
in [159]. They serve as one of the main backgrounds for CNO-ν analysis. A fiducial
volume is defined to suppress their contribution. They are further dis-entangled by
fitting the radial distributions (Sec. 4.4.4).

Radioactive isotopes belonging to 238U decay chain such as 222Rn, 210Pb and 210Po
were also present in the detector through the independent contaminations, which are
not in equilibrium with 238U decay. A temporary contamination of 222Rn was found in
the detector, that was emanated during the water extraction period. Due to its lifetime
in the order of few days, 222Rn contribution is negligible. The contribution from 210Pb
was also out of secular equilibrium in the liquid scintillator due to its tendency to
absorb on to surfaces and from the 222Rn decay. Due to its low end point, 210Pb is not
a problem for the CNO analysis. In Borexino, there is also the 210Po contamination,
which is in equilibrium with the parent 210Pb/210Bi isotopes in the liquid scintillator
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Figure 3.3: Evolution of the 210Po rate in small cubes of 3 t numbered from 0 (bottom of detector) to 58
(detector top). Variations with high 210Po rate can be seen until 2015. The red curve shows the average
temperature in the innermost region. The dashed vertical lines show the different milestones of thermal
stabilisation operation: 1. beginning of the campaign; 2. turning off of the water re-circulation system
in the water tank; 3. first operation of the active temperature control system; 4. change of the active
control set point; 5. installation and commissioning of the Hall C temperature control system. The white
vertical bands show different DAQ interruptions due to technical issues, taken from [2].

and is referred to as supported component. By using pulse shape discrimination methods
(Sec. 3.2.2) to tag supported 210Po events, 210Bi rate can be determined in the case of
secular equilibrium. An additional contribution of 210Po, produced from the 210Pb
decays on the inner surface of the nylon vessel, was brought to the inner region of
the detector by convective motions in the liquid scintillator. This additional 210Po is
referred to as convective component. The convective component has posed an challenge
in determining the constraint on 210Bi rate (Sec. 4.4.2) as 210Bi is the major background
for CNO-ν analysis.

3.1.5 Thermal stabilisation of the detector

The thermal stability of Borexino detector [2] was necessary to avoid variations of the
undesirable background especially 210Po, caused by the convective currents that were
induced by the temperature changes. The convective currents were associated to the
seasonal temperature variations and the human activities affecting Hall C temperature.
These convective currents brought the 210Po from 210Pb contamination of the vessel. To
reduce the convective motions inside the detector, the establishment of vertical ther-
mal gradient took place. The bottom of the detector is in contact with the heat sink
provided by the rock with the temperature of 7.5◦C, while the temperature of top part
is 15.8◦C. However, the instabilities of air temperature, was a hindrance in achieving
the thermal gradient. The Borexino water tank was covered with 2 layers of mineral
wool between May - December 2015. An active temperature control system was also
installed in January 2016. In addition, a monitoring system of 66 probes with a resolu-
tion of 0.07◦C was used to monitor the temperature of Borexino. As a result, the inner
detector temperature was effectively stabilized. Figure 3.3 shows the 210Po rate and av-
erage temperature in the innermost region of the detector as a function of time and at
different locations inside the detector. It can be seen that the 210Po rate was extremely
high and had large fluctuations before 2016.
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The thermal stabilisation of the detector led to the formation of a clean region of
210Po inside the innermost part of the detector, referred to as Low Polonium Field
(LPoF). However, a residual temperature variations of the order of 0.3◦C over 6 months
was also observed in the top part of the detector but its effect is small. An active system
to control air temperature entering Hall C and around water tank was installed in 2019.
It controlled the inlet air temperature within ∼0.05◦C. In August 2020, the final ther-
mal operations were performed when Hall C set point was increased above the Hall
C’s natural temperature in summer. These two final operations has led to extremely
stable detector until the end of data taking [174]. These measures played a key role in
the CNO solar neutrino spectroscopy, described in Chapter 4.

3.2 Analysis software and tools

3.2.1 Event reconstruction

Energy reconstruction

In Borexino, the PMTs mainly work in a single photoelectron regime. The energy of
the event occurring in Borexino is given by the number of detected photoelectrons or
just the number of hit PMTs. One MeV of deposited energy by an electron produces
about 500 photoelectrons in Borexino detector, which results in the energy resolution
of 5%/

√
E(MeV). In order to estimate the energy of an event, a number of energy

estimators are provided by ECHIDNA based on each corresponding cluster of PMT
hits. Energy estimators describe the visible energy of a physical event. The energy
estimators typically used in the Borexino analyses [78, 159, 173] are:

• Np - number of PMTs with at least one detected hit.

• Nh - number of PMT hits including the multiple hits on the same PMT.

• Npe - number of photo-electrons (p.e) estimated as the sum of charges of all indi-
vidual hits in Nh.

• Ndt1
p - number of PMT hits within the first 230 ns after the start time of the cluster.

• Ndt2
p - number of PMT hits within the first 400 ns after the start time of the cluster.

The number of working channels varies over time due to the permanently dying of
PMTs. To account for this, the energy estimators are normalized to the fixed number
of total PMTs (Ntot = 2000 PMTs) through the following equation:

Nnorm
x =

2000
Nlive

Nm
x , (3.1)

where x = p,h, and pe. Here, Nm
x is the measured value of energy estimator and Nlive

is the time dependent number of working channels. Another energy estimator used
for the analysis presented in this thesis is referred to as the geometrically normalised
energy variable (N

geonorm
x ). This takes into account the radial dependence of the energy

estimators which means that if event deposits energy off-center, the close-by PMTs see
more hits than the farther PMTs. Here, the energy variable is normalized by a value
(N

geo
live) proportional to the solid angle of live PMTs with respect to the reconstructed

event position. This variable considers both decreasing number of working channels
and the radial dependence of events happening in the detector. Different energy es-
timators have been utilized in various studies. N

geonorm
pe is used in obtaining the 210Bi

upper limit and Nnorm
h is used in the spectral fit (see Chapter 4). N

geonorm
h is utilized for

the energy selection cut for the directional analysis in Chapter 5.
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Position reconstruction

In Borexino, the position reconstruction of an event [172] is based on the maximisation

of the likelihood LE((⃗r0, t0)|(⃗rj, t
j
i)) that the event occurs at time t0 in the position r⃗0,

given the arrival hit time t
j
i of the PMT j placed at r⃗j. The likelihood computation uses

the reference hit time probability density function (PDF) of each hit which also depends

on the total number of collected p.e in that hit. For each measured t
j
i , a position depen-

dent time of flight (Tj
flight) from interaction point to PMT j is subtracted, using an ef-

fective refractive index (neff) values defining "effective" velocity of the optical photons.
This parameter takes into account the fact that the photons with different wavelengths
travel with different group velocities and they can be scattered or reflected from emis-
sion to detection points. The used value of neff (1.68 in data and 1.66 in MC [175]) is
determined using calibration data to optimise the position reconstruction algorithm.
The position resolution in Borexino is ∼10 cm at 1 MeV at the center of detector.

3.2.2 Pulse shape discrimination techniques

α/β discrimination

The time distribution of emitted photons after the particle’s energy deposition depends
on the particle type and its energy loss in the LS. This property is exploited to differen-
tiate between α/β and e+/e− [173]. In Borexino, the α pulses are slower and their time
distribution has longer tail with respect to the β pulses. A neural network algorithm
known as Multi Layer Perceptron (MLP) technique [176, 177] was developed, which
aided in the distinction of α-like and β-like events.

The MLP uses 13 input variables that are computed of each event from the pulse
time distribution. These input variables include the mean and variance of hit time dis-
tribution, its skewness, the tail-to-total ratio etc [78]. The output is the so-called MLP
parameter. The parameters of the algorithm have been tuned using 214Bi(β− emitter) -
214Po(α emitter) coincidence sample, the daughters of 222Rn which was present inside
detector during water extraction phase of scintillator purification campaign. The MLP
parameter value tends to be 0 for α-like event and 1 for β-like events, also shown in
Fig. 3.4a. The MLP algorithm has been used various times in this work for extraction
or elimination of 210Po from data. The optimised cut on MLP parameter varies with
the goal of different analyses such as to apply standard selection cut for the solar anal-
ysis (see Sec. 3.2.4) and to determine constraint on 210Bi for spectral fit (see Sec. 4.4.2 in
Chapter 4).

The performance of MLP tool is mainly given by α/β efficiency and β/α leakage.
The α(β) efficiency represents the fraction of correctly identified α(β) events and is
given by the ratio of residual number of events after the MLP cut application to the
total number of events before MLP selection. The misidentification of β(α) events as
α(β) events by MLP cut is referred to as β(α) leakage. In addition to the chosen MLP
parameter for the selection, the performance of MLP selector also has a dependency
on the radial distance, the energy region and the period of time in which MLP has
been used [176]. My work has also been dedicated to the determination of these per-
formance parameters for 210Bi constraint analysis for the CNO-ν measurement (see
Sec. 4.4.2 in Chapter 4).

β+/β− discrimination

In Borexino, it is also possible to distinguish β+/β− events based on the time distri-
bution of detected scintillation light [173]. Their time distribution is different due to
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(a) (b)

Figure 3.4: (a) MLP parameter distribution for α (red) and β (blue) obtained using 214Bi(β−) - 214Po(α)
coincidence sample, taken from [177]. (b) The distribution of PS-LPR estimator for Monte Carlo gener-
ated e− events and for e+ events selected from data using Three Fold Coincidence (TFC) technique with
strict cuts. From [173].

the formation of ortho-positronium (mean life time of ∼ 3 ns) in β+ events and the
deposition of energy in multiple sites due to 511 KeV annihilation γs. A novel discrim-
ination variable (PS-LPR), based on the likelihood used in the position reconstruction
algorithm (Sec. 3.2.1), is introduced [173]. Since the position reconstruction algorithm
uses the PDFs of β− events, the particles having different photon time pattern can be
distinguished. Figure 3.4b shows the distribution of PS-LPR estimator for Monte Carlo
generated e− events and for e+ events selected from data using Three Fold Coincidence
(TFC) technique, described in the next section. However, the discrimination between
β+/β− events is not performed on an event by event basis, unlike α/β discrimination,
but the difference in their distributions have been used in the analysis [173].

3.2.3 Three Fold Coincidence (TFC) technique

As discussed in Chapter 1, the interaction of cosmic muon with 12C in detector pro-
duces cosmogenic isotope 11C, along with one or more neutrons. These daughter neu-
trons are thermalized and get captured by the hydrogen in scintillator with τ ∼260µs
with the emission of 2.2 MeV γ-rays. Due to the long mean lifetime (=29.4 min) of 11C
compared to the rate of muons crossing the detector (∼3 min−1), it is not possible to
tag 11C via coincidences with muons.

A so-called Three Fold Coincidence (TFC) technique [170] has been developed to
identify 11C candidates by using their space-time correlation with the parent muon and
muon-induced neutrons. TFC is used to create two subsets of data: TFC-tagged data
which is enriched in 11C events containing ∼90% 11C events and ∼40% of exposure
and the other is TFC-subtracted, which is depleted in 11C events with complementary
exposure and 11C events. The two subsets are shown in Fig. 3.5b. This algorithm has
been thoroughly used in this work as 11C is the main background for the analysis of
the pep and CNO solar neutrinos.

There are two implementations of the TFC technique: the hard cut (HC) approach
usually called TFC Milano (TFC MI) and the likelihood approach also referred to as
TFC Mainz (TFC MZ). The HC approach makes a binary decision whether an event
should be regarded as 11C event or not. After finding the coincidences of muon and
subsequent neutrons within a time window of 1.6 ms after the muon, this algorithm
defines geometrical veto regions. These regions include a cylinder of radius 0.7 m
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(a) (b)

Figure 3.5: (a) The geometrical veto regions of TFC: cylindrical region around the muon track (blue),
the spherical regions around neutron caption position (shaded), and the projected spheres on the muon
track (green). (b) The energy spectra of Phase-II data splitted after TFC application: TFC-tagged (in red)
and TFC-subtracted (in blue), where both spectra are normalized to the same exposure. From [170].

around the reconstructed muon track, a spherical region of radius 1.2 m around the re-
constructed position of neutron capture and a spherical region of radius 1.2 m around
the point on muon track, which is closest to the neutron capture position. This is illus-
trated in Fig. 3.5a.

Likelihood approach [170,173] assigns each event a non-binary likelihood to be a 11C
event. The likelihood calculation is based on several parameters such as the distance
in space and time from the parent muon and neutrons (same as of HC approach), the
neutron multiplicity and the differential energy loss dE/dx of parent muon. Another
novel method to improve the identification of 11C events is developed. The so called
11C burst tagging technique [170] exploits the fact that most of the 11C is also created
by secondary processes occurring in the muon induced hadronic showers in addition
to the primary muon spallation process. This technique can be combined with the TFC
and improves the surviving exposure by ∼5%.

3.2.4 Standard selection cuts for solar neutrino analysis

The data selection cuts listed here are used for the standard solar neutrino analysis in
Borexino [1, 159, 173] to filter out all the possible neutrino candidates. These so called
nusol cuts are also applied for the work presented in this part of the thesis in Chapters 4
and 5. The cuts, listed below, are used to remove the muons and reduce the cosmogenic
backgrounds as well as to suppress the radioactive backgrounds coincidences and the
non-physical events:

• Muon and muon daughter cut - This cut removes the muon events and the products
of muon spallation in LS. The muon rejection is achieved by combining Cherenkov
veto in OD with the pulse shape analysis of scintillator signals [1]. The detector
is vetoed for 300 ms, after a muon crossing ID is identified, as they saturate the
electronics. This time veto also suppress cosmogenic neutrons and other spalla-
tion products, with an exception of 11C. For the external muons, a veto of 2 ms
deadtime is applied to eliminate the fast neutrons, that can penetrate through SSS
from OD to ID.

• Trigger cut - Only main physics events (TT1 & BTB0) are selected.



50

• Cluster cut - The physical events with only one cluster in DAQ window of 16.5 µs
or the first cluster of 2 cluster events are selected.

• 214Bi - 214Po cut - The coincidences of 214Bi - 214Po from 222Rn, emanated during
the water extraction period, are removed.

• Fiducial volume cut - The events, that are close to IV, are removed to suppress exter-
nal backgrounds. The fiducial volume (FV) cut conditions varied with the analysis
as will be described in later chapters.

• Start time cut - The events with cluster having a start time out of the DAQ gate or
too late from gate start are removed.

• Reconstructed charge cut - Events with the mismatched reconstructed charge and
the number of fired PMTs are removed.

• Noise cuts - The events with Nnorm
h /Nnorm

p > 1.1 are removed as the noise events.

• MLP noise cut - The events with Nnorm
h >= 350 and MLP value < 0 [178] represent

the nonphysical events and are removed for the analysis presented in this thesis.

Some selection conditions like energy region of interest and particle discrimination
cuts vary depending on the analysis as will be mentioned later. The TFC cut can also
be applied depending on the analysis, e.g. TFC-tagged events are vetoed for the di-
rectional analysis, presented in Chapter 5, while the events in data are not vetoed but
splitted for the spectral fit described in Chapter 4.

3.2.5 Monte Carlo simulation

The Monte Carlo (MC) simulation package [175] of the Borexino detector is based on
GEANT4 software. It not only simulates the geometrical design of the detector, but also
the physics processes happening in the detector after the interaction of the particle
in the detector. The code is technically structured into the following stages, chained
together:

Event Generation and Light Tracking

A GEANT4 platform based simulation code called g4bx2, manages the feature of the
event generation, energy deposition and tracking of optical photons until their detec-
tion by PMTs. It consists of an accurate description of all detector elements and of
physical properties of the solid as well as liquid components and light sensors. A va-
riety of generators were developed to simulate the solar neutrino and anti-neutrino
interactions, the radioactive decays inside the scintillator and the radioactive sources
used in the calibration campaign. The energy loss of the generated particle inside LS
and detector components and the generation of the optical photons (both scintillation
and Cherenkov light) are considered. In addition, the photon interaction in LS includ-
ing absorption, re-emission, scattering and their tracking until they are detected by
PMTs or absorbed are also taken into account by the simulation. The PMT response for
photons absorbed by the PMT cathode is considered with their own effective quantum
efficiencies.

Simulation of electronics response

The electronic simulation code bxelec, produces the simulation of electronics chain of
Borexino including its trigger response using the PMT pulse time information and the
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response of analog and digital electronics. It follows the real-time evolution of elec-
tronics on an event-by-event basis in the Borexino detector such as the intrinsic loss
of PMTs or disabling of some data acquisition boards. The bxelec reproduces the time
structure of collected real data and the real trigger system is also simulated. For each
simulated event, not only the electronic response information of all hits is saved but
also the information regarding true input parameters are stored in a data format, used
also for real data.

Event reconstruction

At this stage of the MC simulation, the simulated data is processed using the same
code ECHIDNA, that is also used to analyse the real data. The energy reconstruction
into energy estimators is performed as explained in Sec. 3.2.1. The position of simu-
lated events is also reconstructed in the same way summarized in Sec. 3.2.1.

The tuning of MC took place using a part of calibration data obtained during calibra-
tion campaign (see Sec. 3.1.3). The input parameters of MC simulation describing the
scintillator properties and detector materials such as attenuation lengths, the reflectiv-
ity, re-emission probabilities and the refractive indices were determined. This is partic-
ularly important for the spectral analyses of solar neutrinos using the MC probability
density functions (PDFs) (see next Chapter). The directional analysis (Chapter 4) also
heavily relies on the MC simulation. The validation of MC tuning is performed using
an independent set of calibration data or using the standard candles (210Po or neutrons)
from data taking. The precision level of disagreement in the data and MC contributes
as systematic uncertainties. The procedure of MC PDFs production is specifically de-
pendent on the type of analyses and will be explained in the respective chapters.
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Chapter 4

Solar neutrino spectroscopy with Borexino

This chapter describes in detail the spectroscopic analysis of solar neutrinos with the
Borexino experiment. The general strategy for this analysis is covered in Sec. 4.1. The
two sections, Sec. 4.2 and Sec. 4.3 summarize the previous results from the two fusion
mechanisms in the Sun: the comprehensive study of the pp-chain solar neutrinos [1]
and the first evidence of solar neutrinos from the CNO cycle [2], respectively. The
analysis reported in Sec. 4.2, exploits the Phase-II data to measure the interaction rate
of pp, 7Be, and pep solar neutrinos and to provide an upper limit on the CNO solar
neutrinos. Furthermore, this analysis uses Phase-I+II data for the 8B-ν studies. The
discovery of CNO solar neutrinos was done using the Phase-III data, collected between
July 2016 and February 2020, to which I contributed during my master thesis [179]. The
data taking of the experiment continued at the same time.

Section 4.4 is devoted to the updated measurement of CNO solar neutrino flux in the
Phase-III data collected from 2017 until the end of data taking of Borexino in 2021 [3].
The CNO-ν analysis uses the pep-ν constraint (Sec. 4.4.1) and an updated upper limit
on 210Bi interaction rate (Sec. 4.4.2), due to the CNO spectral degeneracy with pep-
ν and 210Bi. I have contributed to this recent analysis of CNO solar neutrinos and
my contributions include: the parameters estimation in the model which is used to
extract the 210Bi constraint, the production of real and simulated data distributions
(Sec. 4.4.3) as well as performing the spectral fit (Sec. 4.4.4) using these distributions
as the inputs. The fit results and the systematic budget in this analysis is discussed
in Sec. 4.4.5 and Sec. 4.4.6, respectively. Section 4.4.7 is dedicated to the methods and
results of the implications on solar physics using the new updated measurement of
CNO solar neutrino flux and provides insights to solar metallicity problem (Chapter
1). This chapter is then summarized in Sec. 4.5.

4.1 General strategy for solar neutrino spectroscopy

As discussed in previous Chapters, the solar neutrinos are detected via the elastic scat-
tering of electrons in the Borexino experiment. Due to the presence of dominant scintil-
lation light, the electrons scattered off by solar neutrinos can not be distinguished from
the β or γ background components on an event-by-event basis. Therefore, the first step
to perform the spectroscopic analysis of the solar neutrino is to apply selection cuts on
the data to maximize the signal to background ratio in the selected period of Borexino’s
data taking. In addition to the standard cuts described in Sec 3.2.4, a fiducial volume
(FV) with radius R< 2.8 m and -1.8 m < z < 2.2 m is generally applied to suppress the
external background events. This FV will be referred to as pepFV and has a mass of
71.3 t.

For the analysis, the energy (TFC-tagged and TFC-subtracted) and radial distribu-
tions of data events are generally produced. The energy PDFs using the MC simulated
events of each neutrino and background component are also obtained. For the radial
part, the PDFs of uniform (β like events) and non-uniform components (external back-
ground events) are obtained in order to disentangle the external backgrounds from
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data. Then, the distributions of data events are fitted with the MC PDFs. A multi-
variate likelihood based spectral fit technique, is performed using bx-Goostats machin-
ery [180]. The constraints on the interaction rates of pep-ν and 210Bi are used in the
CNO-ν analysis, which are determined independently. More details of the fit is de-
scribed in Sec. 4.4.4

The rate of each component as well as the log-likelihood profile of the species of
interest with the statistical uncertainty is obtained from the fit. The possible sources
of systematic uncertainties related to the fitting strategy and modelling of detector
response and backgrounds, are also investigated. After folding likelihood profile with
the systematic uncertainties, the final results on the solar-ν of interest are obtained. The
final rates of the solar-ν are then converted to its total flux and its physics implications
are investigated.

4.2 pp-chain measurement

This section summarizes the comprehensive study of pp-chain provided by Borexino
experiment in 2019 [1]. Borexino measured simultaneously the interaction rates of pp,
7Be, and pep solar neutrinos and provided an upper limit on the CNO solar neutri-
nos in a so-called low energy region (LER) corresponding to 0.19-2.93 MeV, using the
Phase-II data extending between December 2011 and May 2016. The pepFV is cho-
sen for the analysis in LER to maximally suppress external γ’s backgrounds from 40K,
214Bi and 208Tl. This results in a total exposure of 1,291.51 days × 71.3 t. After perform-
ing the standard selection cuts to reduce the rate of background events, the spectral
fit is performed using MC PDFs. The fit is also performed using the so-called ana-
lytical PDFs that describe the detector’s energy response using analytically derived
functions [173]. The measurement of pep solar neutrino is complicated due to a strong
correlation with CNO neutrinos. So, a constraint on the CNO-ν rate based on both
SSM B16-AGSS09met and SSM B16-GS98 predictions [137], is used. Therefore, two dif-
ferent measurements on CNO solar neutrinos are obtained by repeating the analysis
for SSM B16-AGSS09met and SSM B16-GS98 predictions on CNO rate. In addition,
the presence of 11C background also affects the measurement of pep neutrinos. There-
fore, 2 energy spectra of the data, TFC-tagged and TFC-subtracted, are fitted with MC
PDFs, as discussed in Chapter 3. To obtain upper limit on CNO solar neutrinos , an
indirect constraint on pep-ν, exploiting the theoretically well known pp and pep flux
ratio, is applied. Various possible sources of systematics effects such as the inaccura-
cies in the modelling of detector response, the choice of energy estimator, the fit range
and binning, the pile-up modelling, the differences in the final results due to usage of
analytical or MC PDFs, etc were also studied and included in the final results.

In the high energy region (HER) corresponding to 3.2-16 MeV, the 8B solar neu-
trino interaction rate measurement was performed using the data collected between
January 2008 and December 2016. This energy region is further divided into two sub-
regions, 3.2-5.7 MeV (HER-I) and 5.7-16 MeV (HER-II). The HER-I analysis considers
the fiducial volume with cut z<2.5 m and no radial cut. This cut aims to suppress the
background events associated to leaking of LS into buffer region due to a small hole
in the IV. The analysis in HER-II uses the entire scintillator volume. This results in the
exposure of 2062.4 days × 227.8 (226.0) t for HER-I (HER-II) analysis. In addition to the
fiducial volume cut, some of the data selection criteria that differs from LER but con-
ceptually similar, are also applied in the HER. For instance, it involves the reduction
of cosmogenic backgrounds with a larger time window following the internal muons.
The details of residual backgrounds can be found in Ref. [1]. Here, the fit of radial
distribution of events only is performed to extract the 8B neutrinos. This is done to
avoid any assumption on the survival probability shape in the transition region (see
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Solar -ν Rate (cpd/100 t) Flux (cm−2s−1) Flux-SSM predictions (cm−2s−1)

pp 134 ± 10+6
−10 (6.1± 0.5+0.3

−0.5)×1010 5.98(1±0.006)×1010 (HZ)

6.03(1±0.005)×1010 (LZ)

7Be 48.3 ± 1.1+0.4
−0.7 (4.99± 0.11+0.06

−0.08)×109 4.93(1±0.06)×109 (HZ)

4.50(1±0.06)×109 (LZ)

pep(HZ) 2.43 ± 0.36+0.15
−0.22 (1.27± 0.19+0.08

−0.12)×108 1.44(1±0.01)×108 (HZ)

1.46(1±0.009)×108 (LZ)

pep(LZ) 2.65 ± 0.36+0.15
−0.24 (1.39± 0.19+0.08

−0.13)×108 1.44(1±0.01)×108 (HZ)

1.46(1±0.009)×108 (LZ)

8BHER-I 0.136+0.013+0.003
−0.013−0.003 (5.77+0.56+0.15

−0.56−0.15)×106 5.46(1±0.12)×106 (HZ)

4.50(1±0.12)×106 (LZ)

8BHER-II 0.087+0.080+0.005
−0.013−0.005 (5.56+0.52+0.33

−0.64−0.33)×106 5.46(1±0.12)×106 (HZ)

4.50(1±0.12)×106 (LZ)

8BHER 0.223+0.015+0.006
−0.016−0.006 (5.68+0.39+0.03

−0.41−0.03)×106 5.46(1±0.12)×106 (HZ)

4.50(1±0.12)×106 (LZ)

CNO <8.1 (95% C.L.) <7.9×108 (95% C.L.) 4.88(1±0.11)×108 (HZ)

3.51(1±0.10)×108 (LZ)

hep <0.002 (90% C.L.) <2.2×105 (90% C.L.) 7.98(1±0.30)×103 (HZ)

8.25(1±0.12)×103 (LZ)

Table 4.1: The results on measured rate of solar neutrinos using Phase-II (Phase-I and Phase-II) data in
Low Energy Region, LER (High Energy Region, HER) as reported in [1,173]. The two measurements on
pep solar neutrinos arises from using the constraint on CNO rate based on SSM B16-AGSS09met (LZ)
and SSM B16-GS98 predictions (HZ). The last column reports the flux predictions from the SSM B16-
GS98 as HZ and the SSM B16-AGSS09met as LZ [137].

Sec. 1.3) relevant for the energy shape of 8B solar neutrinos. Moreover, a search for hep
neutrinos was also performed in the energy region 11-20 MeV and an upper limit on
its flux was obtained. The results on the interaction rates of solar neutrinos in both the
LER and HER analysis are reported in Table 4.1.

These measurements were used to test the MSW-LMA paradigm assuming SSM
predictions by inferring the electron neutrino survival probabilities, shown in Fig. 4.1a.
The likelihood ratio tests of the neutrino flavour conversion both in the vacuum and
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(a) (b)

Figure 4.1: (a) The electron neutrino survival probability (Pee) as a function of neutrino energy. The pink
and grey band show the 1σ predictions from the MSW-LMA and vaccum-LMA, respectively. (b) The
allowed contours of 7Be and 8B fluxes for the SSM B16-GS98 predictions as SSM-HZ (red) and SSM B16-
AGSS09met predictions as SSM-LZ (blue) [137], together with the Borexino results (green) and global
analysis result from all solar and KamLAND data (grey) are shown. From [1].

in the matter-dominated regime were performed. These measurements were in excel-
lent agreement with the MSW-LMA paradigm expectations and disfavour the vacuum-
LMA hypothesis at 98.2% C.L. Moreover, the test of the SSM B16-AGSS09met and SSM
B16-GS98 predictions were performed. The Borexino measurement on solar neutri-
nos fluxes provided a hint in the favour of the SSM B16-GS98 predictions as can be
seen in Fig. 4.1b. A frequentist hypothesis test based on a likelihood-ratio test statis-
tics (SSM B16-GS98 vs SSM B16-AGSS09met) was used and the data disfavour SSM
B16-AGSS09met predictions at 96.6% C.L assuming SSM B16-GS98 predictions to be
true. A Bayesian hypothesis test also resulted in the mild preference for SSM B16-GS98
predictions [1].

4.3 First evidence of CNO solar neutrinos

In 2020, Borexino reported the first direct observation of neutrinos from the CNO fu-
sion cycle in the Sun [2]. The data collected between July 2016 and February 2020,
corresponding to 1072 days of live time, was used. The energy region chosen for this
analysis corresponds to 320 - 2640 keV (136 - 954 Nnorm

h ) and the pepFV cut is ap-
plied. The low energy region below 136 Nnorm

h is excluded as it is strongly affected
by decreased number of active channels in Phase-III (average value = 1238 channels),
leading to the loss in energy and position resolutions at low energies. In this energy
region, the contribution of pp solar neutrinos, 14C and its pileup events are negligible.
The standard selection cuts, listed in 3.2.4, are also applied on the data.

Its low counting rate (in the order of few cpd/100 t), the energy span of several
residual backgrounds such as external backgrounds, cosmogenic 11C, and 210Bi over-
lapping with the energy region of CNO neutrinos, its featureless energy distribution
of its recoiled electrons and its spectral shape degeneracy with the pep solar neutri-
nos and the 210Bi background pose obstacles in disentangling the CNO signal from
the data. Here, the multivariate fit is performed to extract the CNO rate, which is
the same technique as discussed in the previous section of LER analysis for pp chain
spectroscopy. The interaction rate of pep neutrinos is constrained with 1.4% precision
(Sec. 4.4.1) to break the degeneracy between pep and CNO solar neutrinos. The pep
neutrino rate constraint was applied using a symmetric Gaussian penalty term in the
likelihood fit. In addition, a constraint on the 210Bi rate [174] was also determined us-
ing an independent analysis on the daughter 210Po distribution since their rates are
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Figure 4.2: Negative log-likelihood profile of the CNO neutrino interaction rate from multivariate fit
on the dataset collected between July 2016 and February 2020, is shown in black solid lines, after fold-
ing with the systematic uncertainties. The blue, violet, and grey band represents 68% C.L for the SSM
B16-GS98 predictions as HZ-SSM, SSM B16-AGSS09met predictions as LZ-SSM [137] and the Borexino
measurement on CNO rate, respectively. The red distribution is the probability density function ob-
tained from a counting analysis. From [2].

equal in case of a secular equilibrium. The α decaying 210Po events were selected by
applying MLP discrimination technique and the minimum 210Po rate in LPoF, which
is almost free from the contribution of convective 210Po (Sec. 3.1.4). Since it can not be
guaranteed that the contribution of convective 210Po is actually zero, an upper limit
on 210Bi rate (≤ 11.5± 1.0 cpd/100 t) was imposed by using a half Gaussian term in
the likelihood. More details on the determination of upper limit on 210Bi rate will be
discussed in Sec. 4.4.2.

Using the profile likelihood shown in Fig. 4.2, the final CNO interaction rate was
obtained to be 7.2+3.0

−1.7 cpd/100 t and the corresponding CNO neutrino flux on Earth is
7.0+3.0

−2.0× 108 cm−2s−1, including both statistical and systematic errors. Various system-
atic effects such as the binning values and the fitting range, the choice of theoretical
210Bi shape, non-uniformity and non-linearity of detector response and the variation
in absolute magnitude of light yield were included by performing several millions of
Monte Carlo pseudo-experiments. By performing hypothesis test based on a profile
likelihood test statistics, no-CNO signal hypothesis was rejected with a significance
greater than 5.0σ at 99.0% C.L. Additionally, a counting analysis in a narrow energy
region between 780 keV and 855 keV was performed, which resulted in the 3.5σ sig-
nificance of presence of CNO neutrino events. After combining the CNO flux with
other solar neutrino fluxes, the low-metallicity (SSM B16-AGSS09met) hypothesis is
disfavoured with a significance of 2.1σ. An improved measurement of CNO solar neu-
trino by including most recent data and the more robust implications on solar physics
will be discussed in next section.

4.4 Updated CNO measurement

This section is devoted to the improved measurement of CNO solar neutrinos using
Phase-III final dataset, composing of data collected between January 2017 and Octo-
ber 2021. With respect to the dataset used in Sec. 4.3, an additional dataset from
March 2020 to October 2021 is used. Furthermore, the dataset of six months in 2016
is excluded due to a relative high amount of decaying convective 210Po during this
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period [181], just following the thermal insulation campaign. The live-time of Phase-
III final dataset amounts to 1453.51 days. The energy region corresponds to 320 - 2640
keV (136 - 954 Nnorm

h ), which is same as the energy range used in the CNO analysis
described in Sec. 4.3.

4.4.1 pep-ν constraint

To break the spectral degeneracy of CNO-ν and pep-ν, a constraint on pep-ν rate is ap-
plied. The pep solar neutrino rate is determined using the solar luminosity constraint,
the theoretical pp/pep flux ratio, the global analysis of all solar data and considering
MSW effect on the neutrino propagation and the errors on the most recent oscillation
parameters. The ratio of pp and pep neutrino fluxes is determined from nuclear physics
as the processes producing pp and pep neutrinos have same nuclear matrix element.
Imposing the luminosity constraint [182] and using the global fit on all independent ex-
perimental solar data [183], the precision level of pep neutrino rate is ∼1%. Taking into
account the additional uncertainties due to oscillation parameters [184] and neutrino
propagation in matter, the pep neutrino rate is obtained at 1.4% precision level [185].
The final value of pep-ν constraint is (2.74± 0.04) cpd/100 t.

4.4.2 210Bi constraint

To break the spectral degeneracy of CNO-ν and 210Bi background, a constraint on 210Bi
rate is obtained, through the measurement of minimum 210Po rate in the low polonium
field (LPoF). The low polonium field (LPoF) is a region where 210Po rate is the lowest
with a little contribution from its convective component (Sec. 3.1.4 and 3.1.5). Ideally,
if the convective component of 210Po is not present in LPoF, one could provide the
measurement on 210Bi rate through the measurement of minimum 210Po rate in LPoF.

Data selection and fit equation: The data, with MLP < 0.3 and 150 < Ngeonorm
pe < 270, is

selected to have a maximal 210Po contribution. The final fit region has a mass of about
20 t. The data selection criteria is based on a figure of merit method. To determine the
minimum rate of 210Po (R(210Pomin)) in LPoF, a paraboloid equation in 2D assuming
the rotational symmetry along x-y plane, is used to fit the selected data:

f (θ) = (R(210Pomin)ϵαϵE) · [1 +
ρ2

a2 +
(z − z0)

2

b2 ] + βleak, (4.1)

where βleak is the rate of leaked β events due to MLP selection, ϵα and ϵE are the α-
efficiency of MLP < 0.3 selection and the energy efficiency, respectively, a and b are the
shape parameters along the paraboloidal axes, z0 is the vertical position of minimum
and ρ2 = x2 + y2. The assumption of rotational symmetry in the x-y plane in the 2D
paraboloid fit has been checked by performing 3D ellipsoid fit [174]. The parameter
ϵα is estimated using a pure MC sample of 210Po events by selecting the events in an
energy range of 150 < Ngeonorm

pe < 270. It is estimated to be 96.5%. The parameter βleak

represents the β leakage rate due to MLP < 0.3 selection (see Sec. 3.2.2).

β leakage determination: To determine the value of βleak, a fit based approach using
2 different types of modelling are adopted:

• Method 1: Gaussian and exponential fit: Here, the 210Po data, obtained using the
MLP cut, is fitted using the ROOT based likelihood method. Here, a combined
Gaussian and exponential function is used as a simplified model:
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y = N1 · ek1x + N2 · e
−(x−µ)2

2σ2 , (4.2)

where fit parameters: N1, N2, k1, µ, and σ are free to vary. Here, an exponential
function models the fact that MLP efficiency has exponential energy dependence,
as found by the calibration studies [186, 187]. The Gaussian function models the
spectral shape of α events. Figure 4.3a shows the best fit result in the energy range
of 140 < Ngeonorm

pe < 295. By integrating N1 · ek1x in 150 < Ngeonorm
pe < 270 and taking

into account the exposure, the βleak is calculated. Here, the systematic uncertainty
is evaluated by varying fit energy range. The range of lower bound is (140-150)
Ngeonorm

pe due to presence of pileup at < 140 Ngeonorm
pe . Moreover, the range of upper

bound is (270-300) Ngeonorm
pe due to the fact that the MLP efficiency model are only

tested to be consistent with a single exponential within 300 Ngeonorm
pe .

• Method 2: Fit using Borexino’s analytical PDFs: In this approach, the 210Po data
is fitted with the analytical PDFs (described in [173]) in Ngeonorm

pe variable using
the bx-Goostats framework [180]. The motivation to perform fit using analytical
PDFs is that since Borexino MC is tuned with Nh as an energy observable and the
Npe energy estimator is used for the 210Bi constraint analysis, the analytical PDFs
which were developed in Npe [159] is used here. The combined fit model can be
represented as follows:

y = N3 · AnaBeta(x) · ekx + N4 · AnaAlpha(x), (4.3)

where fit parameters: N3, N4 are free to vary and k is fixed to a value based on a
likelihood scan. AnaAlpha(x) is analytically derived 210Po PDF in Ngeonorm

pe vari-
able. AnaBeta(x) is analytically derived PDF of β events obtained by summing
PDFs of species lying in the 210Po region using weights according to the SSM
predicted solar neutrino rates or the independently determined rates of back-
grounds. The term ekx takes into account the exponential dependence of the MLP
efficiency for β events. Figure 4.3b shows the fit result in the energy range of
150 < Ngeonorm

pe < 280. The choice of energy range and k contributes to the system-
atic uncertainty . Hence, the systematic error is evaluated by varying energy range
as in previous method, while a negative log-likelihood (or ∆ χ2) scan as shown in
Fig. 4.3c, is performed to evaluate systematic error due to fixed k. Figure 4.3d
shows the variation of βleak as a function of k and the values of k within ∆ χ2 = 1
contributes to the systematic error on βleak. Finally, using this approach, βleak is
estimated by counting number of β events in 150 < Ngeonorm

pe < 270 and taking into
account the exposure.

Table 4.2 summarizes the results from both the methods along with different sources
of uncertainties. It can been be seen that the results on βleak are in agreement with each
other within the errors. Taking the average of the two methods and adding all errors,
the final result on βleak = (2.9± 0.3 (stat. + syst.)) cpd/100 t. This was used in eq. 4.1 to
extract the minimum 210Po rate in the LPoF [174]. The result on βleak = (2.8± 0.2 (stat. +
syst.)) cpd/100 t, obtained by X. Ding independently using a method based on a multi-
variate complementary fits in energy range 150 < Ngeonorm

pe < 1500 with and without the
MLP cut [187, 188] is in agreement within uncertainties.

Fit strategy and result: As LPoF slowly moves along the z-axis (≲ 20 cm per month),
particularly before 2020 due to the residual convective motions, the data in LPoF is
aligned along z-direction every month using their centers z0, which is extracted by
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Figure 4.3: Extraction of βleak: (a) Method 1: The fit of 210Po data in Phase-III final period and se-
lected with MLP < 0.3 (black points) using method 1 is shown. The energy range of the fit corresponds
to 140 < Ngeonorm

pe < 295. Also, the best fit function (red curve) is shown. The best fit function consists
of an exponential function (green curve) and Gaussian function (blue curve). The p-value = 0.49,
which is extracted from the fit. Method 2: (b) The fit result with p-value = 0.83 in the energy range
of 150 < Ngeonorm

pe < 280 using method 2 is shown. The fit is performed using 210Po data, from Phase-III
final period and selected with MLP < 0.3 (black points), with the best fit function (red curve). The best fit
function consist of an analytical model of Borexino’s energy response function: 210Po PDF (blue curve)
and β PDF with exponential damping due to energy dependence of MLP efficiency (green curve). (c)
∆ χ2 profile from the fit as a function of slope k of the exponential term in method 2. (d) The correspond-
ing extracted βleak values as a function of slope k of exponential term in method 2. The vertical lines
in (c) and (d) represents the interval within ∆ χ2 = 1, used to evaluate the systematic error on βleak for
method 2.

fitting previous month data in larger volumes of about 70 t. The fit is performed
using paraboloid equation 4.1 through ROOT likelihood approach or a paraboloid +
spline function through Bayesian MultiNest algorithm [174, 181]. The cubic spline
function, the piece-wise polynomials, take into account the shape complexity along
z-axis compared to a simple paraboloidal shape. Figure 4.4 shows the LPoF centers
z0 from paraboloid fits with (white) and without (red) a cubic spline along the z axis
on monthly data. One can see the stability of LPoF centres after 2020 and also, the
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Method βleak σstat σlow−bound σup−bound σexp−slope Final βleak

Method 1 2.9 ±0.1 +0.0
−0.2

+0.3
−0.2 - 2.9 ± 0.3

Method 2 2.8 ±0.1 +0.0
−0.1

+0.0
−0.0

+0.0
−0.2 2.8 +0.1

−0.2

Table 4.2: The final result on βleak obtained from method 1 and 2 separately including all different
sources of uncertainty.

Figure 4.4: 210Po rate in the detector as a function of time in the Phase-III final period, in cylindrical
z-slices of 0.1 m height and radius ρ2 = (x2 + y2) < 2 m2. The black dashed horizontal lines represent the
z-cut of fiducial volume used in the analysis. In addition, the LPoF centers z0 from monthly paraboloid
fits with (white) and without (red) a cubic spline along the z axis are also displayed. From [3].

LPoF area in the blue region has also enlarged. Then, the final fit is performed on the
whole aligned data in around 20-25 t using the same approach and depending on the
fit method.

After incorporating various systematic sources in the final fit, such as choice of the
fit parameters, the beta-leakage, and averaging results from different fit models, the
210Po rate in LPoF is determined to be 10.8 ± 1.0 cpd/100 t. Since we can not exclude
that the residual convective component of 210Po is not present, this minimum rate of
210Po rate is considered as an upper limit on 210Bi rate.

210Bi homogeneity: The fiducial volume used in CNO analysis is ∼3 times bigger
than the LPoF region. The upper limit on 210Bi rate can be used from a smaller vol-
ume to the entire fiducial volume of CNO analysis under the assumption that 210Bi is
uniform in the fiducial volume. It is necessary to verify the assumption of 210Bi spa-
tial uniformity in order to extrapolate the upper limit on 210Bi rate in fiducial volume.
The 210Bi non-uniformity could exists due to the possibility of 210Pb leaching off of the
nylon vessel. Moreover, the spatial distribution of 210Bi was non-uniform in the detec-
tor in Phase-II, after the purification campaign, as the cleanest part of the scintillator
was concentrated on the top [2]. To test the radial and angular homogeneity of 210Bi
in the fiducial volume used in CNO analysis in Phase-III final period, the analysis is
performed by selecting β-like events in the energy interval 150 < Ngeonorm

pe < 471, where
210Bi contribution is maximal. The radial homogeneity was studied by dividing fidu-
cial volume into iso-volumetric shells and a fit is performed on the data using a linear
function with respect to radius r with a constant rate and variable rate with slope. The
fit results in a constant rate of β-like events and a slope. Attributing all variations of
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Figure 4.5: The energy spectra of Phase-III final data in normalized Npmts energy variable without any
cuts (in blue), after all the standard cuts listed in Sec. 3.2.4 and a fiducial volume cut of R<2.8 m &
-1.8 m < z < 2.2 m (in red). The TFC-subtracted energy spectra (in green) is also shown.

β-like events to 210Bi and using energy efficiency of 210Bi, the error from radial homo-
geneity alone is 0.46 cpd/100 t. To study angular homogeneity, the spatial coordinates
of data is projected on a spherical surface, where an event is assigned a index accord-
ing to its spherical coordinates. The power spectra from data is computed and it is
compared to power spectra of randomly generated white noise. The data power spec-
tra is compatible with the white noise within 2σ and posing an error of 0.52 cpd/100 t.
The total error of 0.68 cpd/100 t is also included as the major systematic uncertainty to
upper limit on 210Bi rate [189].

To conclude, the constraint on 210Bi rate is R(210Bi) ≤ 10.8 ± 1.0 cpd/100 t, applied
as upper limit in the spectral fit of Phase-III final dataset. Now, the rate and the uncer-
tainty is lower than the previous limit discussed in Sec. 4.3. The reasons include the
removal of 2016 data with high 210Po rate and addition of more data corresponding
to stable period after February 2020. However, this is still in agreement with previous
results within 1σ range of uncertainties.

4.4.3 Production of data and MC PDF inputs for final fit

Data: As discussed in Sec. 3.1.2, the data acquisition of Borexino is organized in
6 hours long runs. The runs from each week are combined in files called DSTs. Then,
each dst goes through series of selection cuts listed in Sec. 3.2.4 with pepFV cut and
TFC application. The energy spectra before TFC application, splitted energy spectra
into TFC-subtracted and TFC-tagged data in different energy estimators and radial
distributions of data are saved. Then, a final rootfile is produced by adding all the
weekly dsts and several parameters related to live-time of data, exposure, number of
channels, TFC performance parameters etc are calculated. Figure 4.5 shows the effect
of standard selection cuts on the energy spectra of Phase-III final data. In this figure,
the non-statistical features in the data without cuts (in blue) is due to the so-called
masking effect, which is discussed later in this subsection.

MC PDFs: All solar neutrino and background components are first simulated using
dedicated generators or standard Geant4 classes in the MC software [175]. The en-
ergy spectra of recoiled electron events in the solar neutrino generator are calculated
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using the predicted solar neutrino flux and the primary neutrino spectra, which are
taken from http://www.sns.ias.edu/∼jnb/. The electron survival probability of elec-
tron solar neutrinos [190] and the energy dependence of the νe − e and νµ,τ − e elastic
scattering cross-sections including radiative corrections at next-to-leading order [191]
are also computed and used. Finally, the electron recoil energy is sampled from the
computed energy distribution of recoiled electron [175]. To produce the simulation of
CNO-ν events, the contribution of 13N, 15O, and 17F solar neutrinos from the CNO cy-
cle (see Sec. 2.1) is simulated, taking into account their weighted sum according to the
SSM predictions. The Borexino experiment is not sensitive to 13N, 15O, and 17F solar
neutrinos individually and the systematic effects arising from taking their weighted
sum is negligible [159].

Each species is simulated with statistics of 50-2000 times larger than the expected
counts, to avoid the effect of statistical fluctuation in the final PDFs. The generational
volume for most of the species is a sphere of radius 3.75 m, which lies inside the IV
containing LS. Figure 4.6a shows the comparison of true spatial distribution of gener-
ated events in comparison to the shape of IV in the first week of January 2017. Most of
the species are generated to be uniformly distributed, except for 210Po and the external
γ backgrounds. 210Po is not uniformly distributed inside the detector and therefore,
the spatial distribution for 210Po simulation follows the distribution in the so-called
Polonium-maps. Polonium-maps are the reconstructed spatial distribution of data,
after the application of MLP cut and an energy cut where the 210Po contribution is
maximal. The external γ backgrounds are generated on SSS and the PMTs’ surfaces to
perform the propagation of γ in a realistic way. As discussed in Sec. 4.3, the region of
interest is 320 - 2640 keV (136 - 954 Nnorm

h ), the simulation of all species lying in this
energy region are simulated.

Then, the physical processes after the event generation are simulated, as described
in Sec. 3.2.5. The parameter, quantum efficiency (QE), is defined as the probability of
conversion of the incident photons on PMT into photoelectrons. It is an crucial param-
eter to ensure the precise simulation of the experimental data and its initial value was
used based on the pre-installation measurements. The QE value can change with time
with respect to the initial values due to the deteriorating functionality and dying of
PMTs. It is not possible to monitor the QE directly after the PMTs have been installed.
One of the parameter, that is monitored in Borexino, is the so-called effective quantum
efficiency (EQE), which accounts for all the sources that influence the photoelectrons
production such as variations in the light yield and properties of electronic channel.
This parameter was re-tuned in the Monte Carlo for the Phase-III final analysis. Using
standard candles such as 210Po, one can track the reconstructed energy scale with re-
spect to time. The discrepancy between data and MC at a level of >1% was observed,
starting from the year 2019. The reason of this problem was associated to dying of
PMTs in the subset of 900 (B900) PMTs [192] in the recent years, which are used in
the evaluation of QEs in MC [193]. This PMT selection is performed using 14C events
due to the unavailability of calibration source after 2009 and 14C fulfills the criteria
of an ideal standard candle for these studies. For the analysis in the next sections, a
new subset of relatively good quality 700 PMTs, the so-called C700, was selected in all
phases and the new inputs to bxelec were calculated [194]. Using these new inputs, an
improved MC simulation was performed. The precision level of agreement between
data and improved MC are investigated using cosmogenic neutrons as the standard
candles and is found to be within 1% level which is taken as systematic error, which
will be described in Sec. 4.4.6.

The output of MC simulations of all species are processed by the same reconstruc-
tion algorithms, that are also used for the real data. This leads to the production of
files corresponding to each runs. Each file also undergoes the same series of standard

http://www.sns.ias.edu/~jnb/
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Figure 4.6: (a) The comparison of true position of simulated CNO-ν events (black points) and the IV
shape (blue curve) in polar coordinates, where both distributions corresponds to 1st January 2017. The
IV shape corresponding to 3rd October 2021 is also shown in red. (b) The time evolution of fraction of
toy events generated in a sphere of radius R<3.75 m and lying outside the IV.

selection cuts and pepFV cut, which were also applied on the data. The files of all runs
corresponding to the Phase-III final period are summed together to obtain the PDF his-
tograms of each species that are used for the final fit. The next step of PDF production
is the normalisation of histograms with the trigger efficiency factor, crucial for species
with a part of their energy spectrum lying below trigger threshold. This normalisation
factor ( fN) is defined as the ratio of the number of reconstructed and triggered events
in pepFV (NrecoFV) to the number of events generated in the pepFV (NgenFV):

fN =
NrecoFV

NgenFV
. (4.4)

For the uniform species, NgenFV is usually calculated as:

NgenFV = NgenTOT
VFV

Vgen
, (4.5)

where NgenTOT is the total number of generated events, VFV and Vgen represent the
volume of pepFV and the spherical generation volume of radius 3.75 m , respectively.
Since the radius of IV is reducing in the southern part of the detector (see θ ∼2.5 radi-
ans in Fig. 4.6a), a part of the spherical generation volume of radius 3.75 m would lie
outside IV in the latest period. The MC software confines the generation region inside
IV, i.e it does not simulate the true event vertex outside the IV, even if the generation
volume lie outside IV for the corresponding run. Since the shape of IV is continu-
ously changing, the increasing part of generation volume lies outside IV over the time,
only in the Phase-III final period. Therefore, the effect of changing generation vol-
ume should be taken into account in eq. 4.5. Using a toy study, where the uniformly
distributed random position were generated within sphere of radius 3.75 m and the
fraction of events lying outside the IV is calculated and plotted for each week. As
shown in Fig. 4.6b, only ≲1% of the generated uniform events lie outside the IV. In
order to take this effect into account for uniform species, NgenFV is now calculated as:

NgenFV = VFV ·
runs

∑
i

Ni
gen

Vi
gen

; Vi
gen = (1 − xi)

4
3

π(3.75)3, (4.6)

where Ni
gen is the number of generated events in each run i, and Vi

gen is the corrected
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Specie fN (before) fN (after) Relative difference (%)

7Be-ν 0.850 0.848 0.24

pep-ν 0.925 0.922 0.32

CNO-ν 0.857 0.855 0.35

210Po 0.999 0.999 0

210Bi 0.829 0.827 0.24

85Kr 0.823 0.821 0.24

11C 0.987 0.985 0.20

10C 0.994 0.991 0.30

6He 1.00 0.997 0.30

8B 0.961 0.959 0.21

Ext 40K 0.740 0.740 0

Ext 208Tl 0.832 0.832 0

Ext 214Bi 0.786 0.786 0

Table 4.3: Value of normalisation factors fN for all simulated species before and after correction in Vgen

in eq. 4.6.

generation volume, which is calculated with the fraction of toy events lying outside
the IV, xi. Table 4.3 shows the values of fN for each species using NgenFV in eq. 4.5
and eq. 4.6. It can be seen from Table 4.3, that the effect on the trigger efficiency is
≤0.35%, which is smaller than its precision level of ∼1% . The non-uniform species
such as 210Po and external γ backgrounds are not affected because NgenFV in their case
is calculated as:

NgenFV = NgenTOT
NFV

NIV
, (4.7)

where NFV and NIV represents the number of events from data lying in the fiducial vol-
ume (FV) and Inner Vessel (IV), respectively. Their normalisation factor is also shown
in Table 4.3.

Masking effect

For performing the spectral fit (Sec. 4.4.5), the inputs are produced in the normalised
energy estimators (Sec. 3.2.1), to take into account the decreasing number of PMTs
over time. The normalization to 2000 PMTs is performed on an event-by-event basis,
where the energy estimator, Nm

p or Nm
h is a integer value and the factor feq = 2000/Nlive

is a rational number. When the product of Nm
h (or Nm

p ) and feq is input to a data or
PDF histogram with a bin width of 1, this results in the non-statistical fluctuations
between the close bins. This effect of fluctuation is referred to as masking effect [195,196]
and the PDFs obtained with normalised energy estimator are termed as masked PDFs.
The masked PDFs can be smoothed ("unmasked") or the features as in data can be re-
produced in unmasked PDFs by dividing or multiplying a distribution, respectively.
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This distribution is called the mask (hmask) and is produced using the distribution of
live PMTs hlive with bins nhlive:

hmask → ∀2000,nhlive
i=1,j=1 Fill

(

2000 ∗ i

bincenterj(hlive)
, bincontentj(hlive)

)

, (4.8)

where i, j corresponds to each bin of hmask and hlive , respectively.

4.4.4 Spectral fit technique

A multivariate spectral fit technique is utilized to fit collected data with the PDFs of
various solar neutrino and background species, obtained from the MC simulations.
Here, a total binned likelihood function is defined using multiple likelihoods, contain-
ing the information from energy distributions and radial distributions. Then, the total
likelihood using information from the TFC splitted energy spectra (tagged and sub-
tracted) and the radial distribution of the events is maximised. The total likelihood
function is calculated as the following:

L(⃗k|⃗θ) = LTFC
sub (⃗k|⃗θ) · LTFC

tag (⃗k|⃗θ) · Lradial(⃗k|θ⃗). (4.9)

The θ⃗ represents the set of parameters with respect to which likelihood is maximised,
which are the interaction rates of each species. Here, k⃗ represents the set of experi-
mental data used to calculate the likelihood. Each likelihood term related to energy
distributions splitted by TFC : LTFC

sub (⃗k|θ⃗) and LTFC
tag (⃗k|θ⃗), is calculated as standard Pois-

sonian likelihood:

LTFC(⃗k|⃗θ) =
N

∏
i=1

λi (⃗θ)
ki

ki!
eλi (⃗θ), (4.10)

where the product runs for each bin i of total number of bins (N) in the spectrum and
ki are the number of entries of measured events in ith bin. The λi parameter is the
expected number of entries for the bin i given θ⃗. The energy range of the fit is 136 - 954
Nnorm

h . In the fit, the rate of most of the species is free to vary. The events in TFC-tagged
and TFC-subtracted spectrum are independent. The fit rate of all species are common
in both the tagged and subtracted spectrum except the cosmogenic backgrounds such
as 10C, 11C, and 6He and also, 210Po, which is non-uniformly distributed throughout
the FV. For latter species, the fit rates are different in the two spectra.

For performing the radial fit, the radial distribution of TFC-subtracted data events
in energy range 500 - 900 Nnorm

h are produced. As the radial fit is performed to dis-
entangle the external backgrounds from the data, the fit uses reference distribution of
2 components: uniform and non-uniform. The non-uniform component is obtained
from the MC simulations of external backgrounds and the uniform component is the
radial distribution of simulated β−like species. The likelihood Lradial(⃗k|θ⃗) is calculated
using a scaled Poissonian likelihood as following:

Lradial(⃗k|⃗θ) =
Nrad

∏
i=1

aλi (⃗θ)
ki

ki!
eaλi (⃗θ), (4.11)

where the product goes over each bin i of Nrad bins in the radial distribution and a is
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a scaling factor, calculated using normalization to the total number of entries in mea-
sured distribution as:

Nentries = a
Nrad

∑
i=1

λi (⃗θ). (4.12)

This normalization is done because there exists a correlation between energy and radial
distributions due to the presence of same entries.

The rates of solar neutrino or the background can also be constrained in the fit using
a penalty term multiplied to eq. 4.9. There are two types of penalty term applied in
spectral fit:

• Symmetric Gaussian constraint with mean and sigma determined from indepen-
dent measurement of the rate, which is used to apply constraint on pep solar neu-
trino rate.

• Asymmetric half Gaussian term to impose an upper limit, where the value of pa-
rameter of interest is left to vary between 0 and the value of upper limit, which is
used to apply constraint on 210Bi rate.

4.4.5 Fit results

The fit results using the TFC-subtracted and TFC-tagged energy spectra, as well as the
radial distributions are shown in Fig. 4.7a and 4.7b, following the technique described
in the Sec. 4.4.4 and using the bxGoostats framework [180]. Table 4.4 shows the list of
species, their configuration in the fitting procedure and the extracted interaction rate
from the fit. The p-value of fit is 0.2, showing that the agreement between the data and
the fitted model is good.

Now, the scan of CNO-ν rate is performed to obtain the log-likelihood profile, lnL
(dotted curve in Fig. 4.8). The CNO rate obtained from the profile is 6.6+2.0

−0.7 cpd/100 t,
with statistical error only. The asymmetric shape of the profile is due to the 210Bi upper
limit as it impacts only the left part of the CNO profile. Now, the uncertainties from the
systematic effects, described in the Sec. 4.4.6, are injected using a folding procedure. In
this procedure, the log-likelihood profile is converted to a probability density function
(pdf):

pdf = e
∆χ2

2 ; χ2 = −2∆lnL. (4.13)

The pdf is convolved with an asymmetric Gaussian to take into account the asymmet-
ric systematic error [197], which is evaluated to be +0.5 and -0.4 cpd/100 t. All the
systematic effects included here, are summarized in Sec. 4.4.6. The final CNO-ν rate is
obtained by taking the maximum of convolved pdf as the central value and confidence
intervals (C.I.) are estimated using the 68% quantile of convolved PDF starting from
the tail from both ends. The convolved pdf is then converted back to the log-likelihood
profile, as the black solid line shown in Fig. 4.8. The final result on CNO-ν rate is
6.7+2.0

−0.8 cpd/100 t, including systematic and statistical uncertainties. The no-CNO sig-
nal hypothesis is rejected with about 7σ significance, estimated from the log-likelihood
profile with ∆χ2≈ 49 at CNO rate = 0 cpd/100 t. Using the electron density in LS, neu-
trino oscillation parameters [198] and considering MSW effect in matter, the measured
flux of CNO-ν on Earth is 6.6+2.0

−0.9 × 108 cm−2 s−1.

4.4.6 Systematic uncertainties

Various systematic sources are investigated that contributes in the result on CNO solar
neutrinos [199]. They are listed as following:
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Figure 4.7: (a) The multivariate fit of Phase-III final dataset with different spectral components in the
TFC-subtracted (left) and TFC-tagged (right) spectra in the Nnorm

h variable, along with the fit residuals
below. In upper plots, the data is shown as black points and the light blue line represents the total
fit function. The CNO-ν spectrum is shown in bold red line. (b) Radial distribution of events in the
multivariate fit: the distribution in green shows the uniform component from internal backgrounds and
the solar neutrinos, while the blue distribution represents non-uniform contribution from the external
backgrounds. The black points represent the data distribution and the best fit model is shown in red.
The residuals from the fit are also shown.

Fit configuration : The systematic error associated to fitting configuration is esti-
mated by performing about 650 multivariate fits by varying minimum and maximum
range in energy and radial distributions as well as their binning and comparing the re-
sulting log-likelihood profiles. No impact on the CNO profile was seen and therefore,
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Species Configuration Extracted Rate (cpd/100 t)

7Be-ν free 46.90 ± 1.10

pep-ν penalty 2.738 ± 0.040

CNO-ν free 6.62 ± 0.87

210Po (TFC-tagged) free 39.47 ± 0.47

210Po (TFC-subtracted) free 40.60 ± 0.39

210Bi upper limit 11.05 ± 0.97

85Kr free 11.50 ± 1.60

11C (TFC-tagged) free 71.09 ± 0.51

11C (TFC-subtracted) free 1.580 ± 0.096

10C free 1.56 ± 0.28

6He free 0.00

8B fixed 0.46

Ext 40K free 1.40 ± 1.20

Ext 208Tl free 5.91 ± 0.24

Ext 214Bi free 3.80 ± 0.53

Table 4.4: The extracted rates and their statistical error only, obtained from the multivariate fit in bx-
Goostat framework for all species, along with their configuration for Phase-III final data.

no systematic error contributes in the final result of CNO solar neutrinos.

210Bi shape : The choice of reference shape of 210Bi spectrum, based on the different
measurements [200], contributes as systematic error of 18%.

Shift in energy scale of 11C and 210Po : The relative energy scale of 11C (e+ - like)
and 210Po (α-like) events with respect to the electron energy scale needs to be tuned
in Borexino MC. The energy distributions of almost pure 210Po and 11C events in data,
selected using MLP and TFC techniques with strict thresholds, are compared with the
MC PDFs in Nnorm

h . This allows to determine the value, by which energy scale of 11C
and 210Po PDFs needs to be shifted [179]. The estimated shift values are: 11C = +9.5
± 0.7 Nnorm

h and 210Po = +0.33 ± 0.14 Nnorm
h . The central values are fixed during the

multivariate fit and the errors contribute as systematic uncertainties.

Detector stability and uniformity : In order to track light yield stability and study
non-uniformity of energy response in Borexino, the cosmogenic neutrons events are
selected using trigger TT128 and are analyzed. The cosmogenic neutrons are captured
on the scintillator hydrogen emitting 2.2 MeV γ’s. The peak position of its energy spec-
trum in data and MC is studied with respect to the time and space inside the detector.



70

Figure 4.8: The negative log-likelihood (-2∆ lnL) profile as a function of CNO-ν rate. The black dot-
ted line shows the profile as obtained from multivariate fit without folding with systematic error, while
the black solid line is the profile after including systematic uncertainties. The gray band shows the
68% confidence intervals (C.I.) of the CNO-ν rate measurement in Phase-III final period, including sys-
tematic uncertainties. The blue and pink bands represent 68% C.I. for the low-metallicity (LZ) SSM
B16-AGSS09met predictions [(3.52 ± 0.52) cpd/100 t] and the high-metallicity (HZ) SSM B16-GS98 pre-
dictions [(4.92 ± 0.78) cpd/100 t], respectively. From [3].

The inaccuracies accounting for the spatial non-uniformity and the stability in detector
response are 0.06% and 0.32% , respectively.

Detector non-linearity : The non-linearity of detector response in data and MC has
been studied using calibration sources and the associated inaccuracies are 0.084%.

In order to determine the effect of these systematic sources on the CNO-ν rate, a toy
MC method was used. In this method, 10,000 simulated data-sets were produced with-
out and with the deformations of above mentioned magnitudes of each systematic
sources. Both data-sets are fitted using standard PDFs with no deformations and the
distribution of CNO-ν rate is obtained for both configurations. The widening of the
distribution is taken as the systematic error.

4.4.7 Implications on solar physics

Global analysis of neutrino data

A global analysis of all neutrino data is performed by collecting and combining all
results from various neutrino experiments and extracting the maximum amount of
information about neutrino fluxes and oscillation parameters [201]. In order to so,
a χ2 comparison of data results from all the solar-ν experiments (Chapter 1) includ-
ing Borexino (Phase-II and new CNO results), and the KamLAND [202] experiment
is carried out with their respective theoretical expectations. The free parameters are
the oscillation parameters (∆m2

21, θ12) and the neutrino fluxes (Φi), taking into account
both the experimental and theoretical errors as well as the cross-correlations between
different parameters error, while θ13 is fixed to value in [203] as it has a negligible im-
pact on the analysis. The resulting χ2 is then marginalized over each parameter of
fit, obtaining χ2 projection of interested parameter. The best fit results for oscillation
parameters are: ∆m2

21 = 7.50+0.17
−0.18×10−5 eV2, θ12 = 0.43+0.04

−0.02. Figure 4.9 shows the re-
sults of this global analysis in parameter space of ΦB-ΦBe, ΦB-ΦBe, and ΦBe-ΦCNO and
their 1σ regions in gray color. In the green color, the output of the analysis is shown
when only Borexino and KamLand experiments results are included. Unshaded ellip-
tical region shows the predictions from the high-metallicity SSM B16-GS98 (red) and
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Figure 4.9: The global analysis results where 1σ regions allowed by all solar neutrino experiments and
KamLAND reactor data (gray) in planes of ΦB-ΦBe, ΦB-ΦBe, and ΦBe-ΦCNO are shown. The KamLAND
reactor ν̄e data is used to better constrain ∆m2

21. The 1σ regions allowed by Borexino only + KamLAND
(green) are also shown. The 1σ predictions of high-metallicity SSM B16-GS98 and low-metallicity SSM
B16-AGSS09met are shown in red and blue ellipses, respectively. From [3].

the low-metallicity SSM B16-AGSS09met (blue). One can see that both results are in
small tension with SSM low-metallicity AGSS09met predictions. To have quantitative
comparison of compatibility, the p-value between theoretical predictions and analy-
sis results is computed [204]. The comparison between the global analysis data results
and Borexino only (without including CNO solar neutrino measurement) with the SSM
B16-AGSS09met predictions yields a p-value of 0.327 and 0.231, respectively. After in-
cluding CNO solar neutrino results in the global analysis and in Borexino only, the
p-value reduces to 0.028 and 0.018, respectively. On the other hand, the comparison
between the global analysis data results and Borexino only (with including CNO solar
neutrino measurement) with the SSM B16-GS98 predictions yields a p-value of 0.462
and 0.554, respectively. This shows that all solar neutrino fluxes, including CNO-ν, are
in agreement with the high-metallicity SSM B16-GS98 predictions, while they have a
moderate tension with the low-metallicity SSM B16-AGSS09met predictions.

Frequentist hypothesis test

A frequentist hypothesis test of the SSM B16-AGSS09met vs SSM B16-GS98 models
is also performed, which has been mentioned in Sec. 4.2. The test statistics t, in the
hypothesis test, is based on the log-likelihood ratio between SSM B16-AGSS09met and
SSM B16-GS98 assumption. The PDF of t is built using the MC method, by generating
thousands of toy results on 7Be, 8B, and CNO solar neutrino and assuming SSM B16-
GS98 hypothesis to be true. Then, t is estimated for each generated toy set [1]. This
step is repeated again, assuming now SSM B16-AGSS09met to be true. By comparing
the actual Borexino results with the built distributions of t, it was concluded that the
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Borexino data disfavors SSM B16-AGSS09met at 3.1σ level, as an alternative to SSM
B16-GS98 [3].

Determination of C and N abundance

The measurement of CNO neutrinos is used to study the Sun’s chemical composition
by determining the abundance of Carbon (C) and Nitrogen (N) in the Sun. The infor-
mation on the Sun’s metallicity problem is also obtained, for the first time by Borex-
ino [205] using CNO-ν measurement. The idea is as follows: all solar neutrino fluxes
depend on the subset of SSM parameters, the so-called environmental parameters, indi-
rectly through the core temperature (Tc), which is an implicit function of those param-
eters. The environmental parameters include the solar age, solar luminosity, radiative
opacity, diffusion length and metallicity, that are calibrated according to the spectro-
scopic measurement of the Sun’s photosphere. The other set of SSM parameters are
the nuclear S-factors of the nuclear fusion reactions in the Sun. The approximation
of neutrino flux (Φi) dependence on Tc is given by the SSM power law with index τi,
specific to the neutrino flux of interest. For 8B, which is extremely sensitive to Tc, the
dependence can be expressed as :

ΦB

ΦSSM
B

∝

(

Tc

TSSM
c

)τB

. (4.14)

Here, "SSM" indicates the value of SSM predictions. The similar expression can also be
made for CNO neutrinos, for example 15O, where in addition to its flux dependence
on Tc, it also features a direct dependence on the abundance of C and N (relative to
hydrogen) in the solar core nCN due to the presence of "metals" C and N, catalyzing
the CNO cycle:

ΦO

ΦSSM
O

∝
nCN

nSSM
CN

×
(

Tc

TSSM
c

)τO

. (4.15)

By taking the weighted ratio with factor of k, we obtain:

ΦO/ΦSSM
O

(ΦB/ΦSSM
B )k

∝
nCN

nSSM
CN

×
(

Tc

TSSM
c

)τO−kτB

. (4.16)

However, in reality, the neutrinos are produced in an extended Sun’s core region,
where the temperature and chemical composition profile vary. In addition, the tem-
perature and the CN abundance profile are not direct inputs of SSM. Therefore, an
explicit dependence of a given neutrino flux Φi on each SSM input parameter j, in the
form of the SSM power law, is made:

Φi

ΦSSM
i

=
C,N

∏
j

x
α(i,j)
j ×

env

∏
j

x
α(i,j)
j ×

nucl

∏
j

x
α(i,j)
j × x

α(i,diff)
diff , (4.17)

where xj represents the SSM parameter normalized for their nominal values. Here,
α(i, j) denotes the logarithmic derivatives of the given neutrino flux with respect to the
SSM parameter:

α(i, j) =
∂ln(Φi/ΦSSM

i )

∂lnxj
, (4.18)

which is calculated numerically [206]. In eq. 4.17, the SSM inputs are group into four,
including Carbon and Nitrogen (C,N) abundance and nuclear reaction cross-section
(nucl). The environmental parameters (env) are also taken into account, where the dif-
fusion parameter is treated explicitly. This is due to the fact that change in the diffusion
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will affect the temperature stratification in the Sun as well as it also impact the chemi-
cal composition profile of the Sun. Using eq. 4.17, it is now possible to express the left
hand side of eq. 4.16 as a function of the SSM parameters. In the weighted ratio, the
value of k is 0.769, which is obtained by taking the SSM B16-GS98 as reference such
that it minimizes the impact of environmental parameters on the flux ratio. Using the
uncertainties of each SSM input parameter and the difference in chemical abundance
by GS98 and AGSS09met as an additional uncertainty,:

ΦO/ΦSSM
O

(ΦB/ΦSSM
B )0.769

=
NCN

NSSM
CN

[1 ± 0.097(nucl.)± 0.005(env)± 0.027(diff)] (4.19)

is obtained. The terms in square brackets quantify the contribution of nuclear, en-
vironmental, and diffusion uncertainties to the total error budget. The symbol NCN

represent the extrapolated CN abundance in the Sun’s photosphere from its core, that
allows us to have a direct comparison with the Sun’s photosphere spectroscopic anal-
ysis. Plugging the 8B-ν measurement from the aforementioned global analysis of all
solar neutrino experiments and the extracted flux of 15O from CNO measurement with
the assumption of SSM ratio between 13N and 15O fluxes and taking SSM B16-GS98 as
reference, we get:

NCN

NSSM
CN

= 1.35 × (0.96)−0.769 × [1+0.303
−0.136(CNO)± 0.097(nucl.)± 0.023(8B)

± 0.005(env)± 0.027(diff)± 0.022(13N/15O)].

The final value of NCN is (5.78+1.86
−1.00)×10−4, which is the first determination of CN

abundance in the Sun using the solar neutrinos. Figure 4.10 shows the comparison
of CN abundance in the Sun with the spectroscopic measurements of the Sun’s pho-
tosphere. Our measurement is in good agreement with the high-metallicity compila-
tions (MB22 [141] and GS98), while featuring a ∼2σ tension with low-metallicity ones
(AGSS09met, C11 [139] and AAG21 [140]). This analysis is repeated again by changing
the reference to SSM B16-AGSS09met and the fully compatible value is obtained, as
shown in white cross in Fig. 4.10.

4.5 Summary

Borexino has successfully performed the complete spectroscopy of solar neutrinos orig-
inated from both the fusion processes inside the Sun: pp-chain and CNO cycle. After
the first detection of CNO solar neutrinos in 2020, Borexino has provided an improved
uncertainty of +30%

−12% on the measurement of CNO solar neutrinos flux in 2022. This
analysis was performed on dataset starting from January 2017 until the end of data
taking in October 2021. This analysis does not utilize the 2016 dataset in Phase-III
period unlike the analysis performed in 2020, in order to remove the contribution of
high amount of convective 210Po in 2016, thereby making it possible to determine the
constraint on the rate of its parent 210Bi with lower uncertainty as compared to the pre-
vious analysis. My contributions to this analysis include the determination of value of
a parameter included in the model used to determine 210Bi constraint. I have also been
responsible for the production of real and simulated data distributions and perform
final spectral fits using these distributions. Now, the CNO-ν detection significance
has increased to about 7σ significance. This new result is also included in the global
analysis of all solar-ν and KamLAND reactor data. The resulting solar neutrino fluxes
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Figure 4.10: The comparison of Carbon (C) + Nitrogen (N) abundance with respect to the Hydrogen (H)
in the Sun’s photosphere, NCN, from spectroscopy (squares) and from the measurement of CNO solar
neutrino flux by Borexino (circle). The gray band shows the uncertainty range due to the precision of
CNO measurement. The white cross marks the result of the same study repeated after changing the
reference SSM from the B16-GS98 to B16-AGSS09met. From [3].

are found to be in agreement with high-metallicity SSM B16-GS98, while a moderate
tension with low-metallicity SSM B16-AGSS09met is observed. Using a frequentist
hypothesis test, it was found that CNO, 7Be and 8B neutrinos fluxes by Borexino dis-
favors SSM B16-AGSS09met at 3.1σ level as an alternative to SSM B16-GS98. Further-
more, the CNO-ν measurement together with 8B-ν flux from global analysis has been
used to determine the C and N abundance in the Sun. The determination of C and N
abundance in the Sun is performed for the first time using solar neutrinos. When com-
paring the C and N abundance determined using this method with the independent
spectroscopic measurements of solar photosphere, the results agrees very well with
the high-metallicity values (GS98 [136], MB22 [141]), while it features a ∼2σ tension
with the low-metallicity values (AGSS09met [138], C11 [139], AAG21 [140]). A further
precise CNO neutrino measurement has been performed using a combined directional
and spectral fit technique, which will be discussed in the next chapter.
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Chapter 5

Directional measurement of solar neutrinos in
Borexino

In this chapter, the directional analysis of low-energy solar neutrinos using Cherenkov
photons with the Borexino experiment is described [4–6]. The motivation to study the
directionality of solar neutrinos is covered in Sec. 5.1. The Correlated and Integrated
Directionality (CID) method, developed and used for the directional analysis of solar
neutrino in Borexino, is discussed in Sec. 5.2 in detail. Section 5.3 is dedicated to the
description of the strategy for the Monte Carlo PDFs production in order to perform
the fit and the fit strategy is discussed in Sec. 5.4.

Section 5.5 is devoted to the first directional measurement of sub-MeV solar neu-
trinos in a liquid scintillator detector [4, 5]. This analysis is performed in an energy
region of 7Be shoulder and provides a proof-of-principle of the CID method. The data
selection used for this analysis is described in Sec. 5.5.1. Section 5.5.2 discusses the
optimisation of fit configurations and the selection of PMTs with the correct time be-
haviour. The calibration of group velocity for Cherenkov photons using the γ calibra-
tion sources is discussed in Sec. 5.5.3. Section 5.5.4 describes all sources of the system-
atic uncertainties, and Sec. 5.5.5 summarizes the final results. My contribution to this
analysis comprises the optimisation of binning of the distributions used in the fit, de-
velopment of a toy simulation method to investigate the systematic effects associated
to the simulation of background events. I also contributed in the preparation of the
publications [4, 5].

Section 5.6 is dedicated to the CNO-ν measurement by exploiting the Cherenkov
light using CID. This analysis has been performed without an external constraint on
the 210Bi rate, which is different from the spectral analysis performed in Chapter 4.
This analysis uses an energy region which is independent from the one used for the
7Be CID analysis. All selection cuts are summarized in Sec. 5.6.1. Section 5.6.2 dis-
cusses the optimisation of different fit configurations for this analysis and the selection
of PMTs with correct time behaviour. Here, the calibration of group velocity for the
Cherenkov photons is performed using 7Be solar neutrinos, as described in detail in
Sec. 5.6.3. Section 5.6.4 describes all sources of systematic uncertainties. Section 5.6.5
summarizes the final results, which are then combined with the multivariate fit, as
reported in Sec. 5.6.6. My contribution to this analysis comprises the optimisation of
the fit inputs, estimation of the expected number of neutrino events and performing
analysis for the calibration of group velocity of Cherenkov photons in the 7Be-ν edge
region, evaluation of the systematic uncertainties, performing final CID fits as well as
analysis checks, and co-writing the publication [6].
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5.1 Motivation to study directionality in liquid scintillator experi-

ments

As seen in Chapter 1, either water Cherenkov or liquid scintillator (LS) detectors exist
as the current generation experiments for the measurement of solar neutrinos. Al-
though the emission of the directional Cherenkov light in water Cherenkov detectors
provides an aid in the background suppression and particle identification, the water
Cherenkov detectors have a relatively small light yield at MeV energies, and a detec-
tion threshold at higher energies. For example, in Super Kamiokande, the light yield is
34 photoelectrons at 3.5 MeV [207]. On the other hand, the LS detectors have a higher
light yield, good energy resolution and a lower energy threshold to detect the solar
neutrinos. As discussed in Chapter 3, the light yield in Borexino is ∼500 photoelectron
at 1 MeV, and an effective low energy threshold of 0.19 MeV has been used for the so-
lar neutrino spectroscopy [1]. Since in LS detectors, the dominant scintillation light are
emitted isotropically, the directional analysis of solar neutrinos on an event-by-event
basis can not be performed.

In order to combine the advantages of both detector types, there has been an in-
creased interest in the recent years to develop the hybrid detection techniques. The
motivations for such interests include the measurement of CNO solar neutrinos [208],
as well as the search for neutrinoless double beta decay where the solar neutrinos act as
the backgrounds [209]. To achieve this goal of a hybrid detector, some of the ongoing
activities are as follows:

• Development of new target materials, such as water based LS [164], slow LS [165]
or nano-crystal doped LS [166].

• Developing fast-photo sensors to achieve the time separation of Cherenkov and
scintillation light [167].

• Spectral photon sorting by wavelength using the dichroic reflectors [168].

• New analysis techniques [210, 211].

These efforts have been investigated using the small-scale experiments such as the
CHESS experiment [212], FlatDot detector [213], and ANNIE [214]. For the large scale
detectors, the feasibility of hybrid detectors has been studied using the Monte Carlo
simulations [169, 208]. In this chapter, the first measurement of sub-MeV (7Be and
CNO) solar neutrinos exploiting the directional Cherenkov light, using a newly de-
veloped analysis technique called Correlated and Integrated Directionality (CID) method
[4, 5] with the Borexino experiment, is discussed.

5.2 Correlated and Integrated Directionality (CID) technique

Solar neutrino with energy Eν scatters off electrons elastically in the liquid scintillator
detectors by an angle θe and transfers energy Te, as discussed in Chapter 1. The relation
between θe, Eν, and Te is given by eq. 2.18. For relatively high values of Te, the electron
is scattered in the forward direction. If the velocity of recoiled particle v is greater
than the speed of light cn in LS with the refractive index n, the recoiled electron emits
Cherenkov radiation in a cone in its velocity direction. The scintillation photons are
also emitted isotropically, when the recoiled electron deposits its energy in LS target.
All the photons are detected by the PMTs.

The basic principle of Correlated and Integrated Directionality (CID) method is illus-
trated in Fig. 5.1. In CID, the direction of early photons of an event is correlated to the
initial direction of solar neutrino, by calculating the cosine of α angle for each detected
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(a) (b)

(c) (d)

Figure 5.1: Schematic representation of the CID angle, expressed by the angle α between the Sun’s posi-
tion in Borexino’s coordinates and the direction of emitted photons, which is given by the reconstructed
vertex and hit PMT position. (a) Electron recoiled by a solar neutrino at the detector center produces
the Cherenkov photons (red arrows) in a cone (orange cones) pointing forward in the direction of the
Sun and the isotropic scintillation photons (blue arrows). α1 and α2 are the directional angles of the
first and second detected photons of the event, respectively. The Cherenkov photons and the PMT hits,
that are triggered by them, are correlated to the incoming direction of the solar neutrinos. (b) It is also
possible that the first detected photon in an solar neutrino event is a scintillation photon, therefore not
correlated to the direction of the solar neutrino, and the second detected photon is a Cherenkov photon.
In addition, this event happens off-center. (c) An electron from the intrinsic radioactive background
also produces a Cherenkov photons (green arrows) and isotropic scintillation photons (blue arrows). As
before, α1 and α2 are the directional angles of the first and second photons of the background event,
respectively. Here, the Cherenkov photons have no correlation to the Sun’s direction. (d) Background
event similar to (c), but this is an event happening off-center, where the first photon is a scintillation
photon and the second detected photon is a Cherenkov photon. Used in [4, 5].
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Figure 5.2: (a) The solar neutrino direction distribution in (ϕ, cos θ) space in Borexino coordinate system,
corresponding to 1 year time period with an time interval of ∼15 min. (b) The spectral fit of energy
distribution of Phase-I data. Along with the fitted data, the PDFs of different components of the solar
neutrinos and backgrounds are shown [159]. The energy region used for the CID analysis in Phase-I is
shown in yellow band. From [4, 5].

photon. Here, α is defined as the angle between the incoming solar neutrino direction
and the photon direction. The photon direction is given by the reconstructed position
of the event and the hit-PMT position. By doing so for all detected events, the cos α
distribution is produced. The cos α distribution consists of contributions from both the
directional Cherenkov and isotropic scintillation photon hits. The cos α distribution of
solar neutrino events will have a characteristic peak at positive cos α values due to the
contribution of Cherenkov photon hits, which is correlated to the Sun’s position. For
background events, the cos α distribution is expected to be flat in an ideal scenario, as
the event direction as well as the direction of all photons are not correlated to the solar
direction. As the scintillation photons are dominant in LS detectors (>99% of the total
optical photons), an event-by-event directional reconstruction is not possible, unlike
the water Cherenkov detectors. It is now possible to exploit the cos α distribution to
statistically separate the solar neutrino signal events from the data by using the di-
rectional Cherenkov information. However, the CID technique alone is not enough to
distinguish between several kinds of solar neutrinos in Borexino.

Solar direction in Borexino

The solar neutrino direction is given by the position of the Sun, calculated for each
detected event in real time. The Sun’s position is determined for the event trigger
time and the Borexino’s geographical coordinates. Then, it is converted to Borexino’s
spherical coordinate system. The solar direction is defined in (ϕ, cos θ), where θ is
the azimuthal angle and ϕ is the polar angle. Figure 5.2a shows the solar direction
distribution in Borexino’s spherical coordinate system, for a 1 year time period. The
Sun’s position, as seen by Borexino, is not uniformly distributed in all directions, as
shown in Fig. 5.2a.

Nth hit method

As it is already mentioned, the cos α distributions of early hits are exploited in the CID
technique. This is due to the fact that the sub-dominant Cherenkov photons are emit-
ted earlier in time, with respect to the slower and dominant scintillation photons, and
therefore, the directional information is mostly contained in the early hits. A time cut
(in units of nanoseconds) could be applied to maximise the sensitivity to Cherenkov
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photons. However, the small systematic differences between data and MC hit time dis-
tributions for a large statistics of events, particularly at the early times, make it difficult
to select the Cherenkov photons using an absolute hit-time cut [5]. Therefore, the so-
called Nth hit method is adopted, that takes into account the relative timing of the hits.
For each event, the PMTs hits are sorted in time with respect to the reconstructed start
time of the event. In addition, the Time-of-Flight (ToF) subtraction is also performed
so that the distribution is comparable for events at center as well as near to the edge of
fiducial volume. Here, the ToF is calculated as:

ToF = neff ·
dPMT

c
, (5.1)

where dPMT is the distance between the reconstructed event vertex and the PMT that
detected the hit and c is the speed of light in vacuum. The effective refractive index
of Borexino LS neff, represents the average group velocity of all optical photons in the
detectable wavelength range in Borexino LS.

These relatively ordered hits in time are then classified as the 1st hit, 2nd hit and so
on, up to the total number of hits for each event. Each of these hits are referred to as
the so-called Nth hit. The CID cos α distributions are produced for each Nth hit, for all
detected data and simulated solar neutrino and background events. Thus, the cos α

distribution of each Nth hit has entries equal to the total number of events. A cut on
the maximum Nth hit is optimised for the CID analysis to maximise the relative con-
tribution of Cherenkov photons, which will be discussed in Sec. 5.5.2 and 5.6.2. The
benefit of using the Nth hit method is that the absolute average differences in the hit
time distribution between data and MC are effectively resolved, and a precise knowl-
edge of the absolute hit time is not required. Then, the data cos α distributions of all
selected Nth hits are fitted simultaneously with the MC PDFs of solar neutrino signal
and background, using the strategy described in Sec. 5.4.

The neff parameter in eq. 5.1, was initially tuned on Borexino’s position reconstruc-
tion algorithm (see Sec. 3.2.1) such that the correct reconstruction of the event positions
of calibration source is performed [172]. Therefore, an improved estimation using 14C-
222Rn calibration source at different detector locations has been performed [215], in
order to take into account the hit time properties of photons which is crucial for the
CID analysis. This analysis was performed on the PMT hit time distributions of the
extracted 214Po events from the calibration source. The extracted neff values are (1.6631
± 0.0005) for data and (1.6531 ± 0.0003) for MC. These results are in agreement within
the instrumental error on the measured refractive index and the difference in data and
MC values is also compatible within this error.

5.3 Monte Carlo production for CID

In Borexino MC (Sec. 3.2.5), the Cherenkov photons, necessary to perform the CID
analysis, are simulated according to the Frank–Tamm formula [175]. Their spectrum
as well as their velocity in the liquid scintillator depend on the wavelength-dependent
refractive index n(λ). The wavelength spectrum detected by the PMTs according to
the MC is shown in Fig. 5.3a. Both scintillation (blue) and Cherenkov (red) spectra
start sharply at 370 nm. This is due to the absorption of the light in the scintillator and
its re-emission by the PPO. The Cherenkov light with a wavelength λ < 370 nm are
absorbed and re-emitted as the scintillation light. There has been no dedicated calibra-
tion in Borexino for the Cherenkov light, as it has been observed that the unabsorbed
Cherenkov light has only a negligible influence on the Borexino’s position reconstruc-
tion and other algorithms, as well as the spectroscopic analyses.
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Figure 5.3: (a) The wavelength spectra of scintillation (blue) and Cherenkov (red) photons as detected
by the PMTs in Borexino MC, including all the effects of absorption and re-emission. (b) The hit-time
distributions, corrected with the Time-of-Flight for the simulated 7Be solar neutrino recoil electrons, as
described in Sec. 5.5.1. In (a) and (b), the left y-axis shows the scintillation light (blue), normalized
to 1 and the right y-axis shows the Cherenkov light (red), normalized to the number of Cherenkov
hits relative to the scintillation hits, which is ∼0.35%. (c) The cos α distributions for MC events of 7Be
solar neutrinos (red) and 210Bi background (blue) in 7Be-ν energy region, as shown in Sec. 5.5.1. The
histograms are normalized to have the same area. As it can be seen, the first hit of 7Be MC has more
directional information than the second hit due to a larger Cherenkov contribution in the first hit. For
the 210Bi background MC, there is no dependence on the Nth hit, as the direction of photon hits of
background events are uncorrelated to the Sun’s position [5].

The Cherenkov light is emitted instantaneously, while the scintillation light emis-
sion follows a multi-exponential decay time where the fastest component has 1.6 ns [175].
This intrinsic time distribution is affected by various optical processes during the light
propagation, Transition Time Spread (TTS) of the PMTs, as well as the precision of the
PMT time calibration. The ToF corrected PMT hit time distribution of Cherenkov and
scintillation photons, as obtained from the 7Be-ν MC after the full simulation and re-
construction chain, is shown in Fig. 5.3b. The time axis is normalized such that the
beginning of the scintillation time profile corresponds to the ToF of photons from the
center of the detector. The expected ratio between all the detected Cherenkov and the
scintillation hits in the 7Be-ν energy region is ∼0.35%.

The Borexino MC is used to produce the CID cos α PDFs for both the solar neutrino
signal and for the radioactive backgrounds. The recoil electrons of solar neutrinos are
simulated according to their theoretical energy spectrum and the angle relative to the
neutrino direction (eq. ??). The signal and background MC simulations are performed
on an event-by-event basis. For each individual data event, which corresponds to a
certain position of the Sun, 200 MC events are simulated within a sphere of radius =
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15 cm around the reconstructed data event position and with the distribution of PMTs,
that were active as in the data. The advantage of this procedure is that the possible hit
patterns of the active PMTs relative to the position of the Sun and the event position
are correctly taken into account in the MC production. This procedure is repeated for
each event twice: once assuming it is the neutrino signal and once assuming it is the
radioactive background, according to their spectral shape within the selected energy
regions. The systematic uncertainty associated to this procedure, due to any possible
bias in the selection of events’ positions, has also been studied and are discussed later.
Figure 5.3c shows the CID cos α distributions for the first two Nth hits of the solar
neutrino and background events, simulated using MC in the 7Be-ν energy region (see
Sec. 5.5.1).

5.4 Fit strategy

After producing the cos α distributions of each Nth hit in the data as well as the MC
solar neutrino and background components, a χ2 fit is performed to extract the total
number of solar neutrino events, Nsolar−ν from the data. The strategy is to simultane-
ously fit the data cos α distributions of each hit, up to the optimised maximum Nth hit,
Nth hit(max), with the cos α distributions of the corresponding Nth hit of the simulated
solar-ν and background events. The χ2 is defined as follows:

χ2 =
Nth-hit(max)

∑
n=1

bins

∑
i=1

[

{cos αD
n,i − norm · cos αM

n,i(Nsolar−ν, gvcch, ∆rdir)}2

norm · cos αM
n,i + norm2 · cos αM

n,i

+
{gvcch − gvcresult

ch }2

{σ(gvcresult
ch )}2

]

, (5.2)

where n, i represent the indices for Nth hit and number of bins, that run from 1 to the
selected Nth-hit(max) and total numbers of bins, respectively. The cos α values of ith bin
and nth hit of the data and the MC model are given by cos αD

n,i and cos αM
n,i, respectively.

The term norm is the scaling factor between the simulated MC statistics and number of
events in the data, Ndata. The term "norm2 · cos αM

n,i" accounts for the finite statistics of
MC. Since the model is built using the distributions of both signal S and background
B, the representation cos αM

n,i is given by:

cos αM
n,i =

Nsolar−ν

Ndata
· cos αS

n,i(∆rdir, gvcch) +

(

1 − Nsolar−ν

Ndata

)

· cos αB
n,i. (5.3)

In the fit, Nsolar−ν is the parameter of interest, which is free to vary. In addition, there
are two parameters, ∆rdir and gvcch, that affect cos α distributions of solar-ν only and
are treated as nuisance parameters. As a result, a three dimensional χ2 profile is ob-
tained. In order to take into account the nuisance parameters, χ2 is minimised over
∆rdir and gvcch, for each value of Nsolar−ν. The parameters, ∆rdir and gvcch, represent
the event position reconstruction bias and an effective correction on the group velocity
of Cherenkov photons, respectively. The parameter ∆rdir is free to vary, while gvcch is
constrained using a pull term, as can be seen in eq. 5.2.
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Figure 5.4: (a) Effect of varying effective correction of the group velocity for Cherenkov photons (gvcch)
on the signal cos α PDFs for Nth hit = 1 and fixed ∆rdir = 2.0 cm. (b) Effect of varying gvcch on the
background cos α PDFs for Nth hit = 1. All cos α PDFs correspond to Phase-II and are obtained in 7Be-ν
energy region, discussed in Sec. 5.5.1.

Nuisance parameters

There are two nuisance parameters in the fit, ∆rdir and gvcch, which are described as
follows:

Effective correction of the group velocity for Cherenkov photons (gvcch): This pa-
rameter takes into account the small differences in the relative hit time distribution
between scintillation and Cherenkov photons in data, relative to the one in MC. In
Borexino, the effective wavelength spectrum of detected Cherenkov photons has not
been measured before, and the wavelength dependent refractive index in MC also has
a finite accuracy. Since the wavelength distribution differs for Cherenkov and scin-
tillation photons as shown in Fig. 5.3a from MC, their average group velocity, vg can
be different in data and MC. Therefore, we apply a correction in MC so that the rela-
tive group velocities of Cherenkov and scintillation light, ∆vg in data and MC are in
agreement:

∆vg(Data) = ∆vg(MC). (5.4)

The correction is applied in MC on the PMT hit time for Cherenkov photons as
follows:

tToF
corr = tToF

MC − (gvcch · Ltrue) ,

= tToF
MC −

(

∆nch

c
· Ltrue

)

,
(5.5)

where tToF
MC is the normal hit time (after ToF subtraction) of the Cherenkov photons in

MC, tToF
corr is the corrected hit time (and ToF subtracted) of the Cherenkov photons, and

Ltrue is the MC photon track length. The gvcch parameter has the units of ns m−1 and
can further be expressed as a function of effective change in the refractive index ∆nch
at a particular wavelength.

The gvcch parameter influences the shape of signal PDFs, as shown in Fig. 5.4a. This
is because varying gvcch changes the ratio of Cherenkov photons arriving in the early
hits as this correction is applied to the simulated Cherenkov photons only. Therefore,
the calibration of this parameter in MC is necessary, which has been performed using
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Figure 5.5: (a) The distribution of the bias ∆rdir, obtained from many MC recoil electron events. (b)
Effect of varying event vertex mis-reconstruction (∆rdir) on the signal cos α PDFs for Nth hit = 1 and
a fixed gvcch = 0.068 ns/m. (c) Effect of varying ∆rdir on the background cos α PDFs for Nth hit = 1.
All these distributions correspond to Phase-II and are obtained in 7Be-ν energy region, discussed in
Sec. 5.5.1.

γ calibration sources (Sec. 5.5.3), as well as using 7Be solar neutrinos (Sec. 5.6.3). How-
ever, it does not impact the shape of backgrounds PDFs, as can be seen in Fig. 5.4b.
It is to be noted that this systematic difference in data and MC for the sub-dominant
Cherenkov light does not influence the spectral analysis, which was discussed in the
previous Chapter.

Event vertex mis-reconstruction (∆rdir): In MC, it is observed that the reconstructed
position of an event is slightly shifted towards the true direction of the recoiled elec-
tron. The position reconstruction algorithm of Borexino determines the most likely
vertex of the event using the hit time PDFs of the detected hits on the PMTs. The
early hits tend to pull reconstructed position of the corresponding event towards their
own direction and the Cherenkov photons arrive to the PMTs, on average, at earlier
times with respect to the scintillation photons, as well as they are emitted in the initial
direction of electron. Since the direction of all photon hits in the CID analysis is cal-
culated using the reconstructed event position, the reconstructed photon direction is
also biased. In addition, the ToF subtraction, before the relative ordering of hits, is also
performed using the reconstructed event vertex for all detected hits. This gives rise to
an indirect effect of the Cherenkov photons. The bias ∆ri

dir is calculated for each event
as follows:

∆ri
dir =

(

r⃗i
rec − r⃗i

true

)

· d⃗i
true, (5.6)
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where r⃗i
true is the true position of an event i, the true direction of the simulated recoil

electron is d⃗i
true, and the reconstructed position is r⃗i

rec. A distribution of the bias ∆rdir is
obtained from many MC recoil electron events, as shown in Fig. 5.5a. Then, the mean
∆rdir of the distribution is extracted.

As the direction of Cherenkov photon hits of solar neutrinos are correlated to the
Sun’s position, the impact of vertex bias is seen for the solar-ν events only. The influ-
ence of ∆rdir parameter on the shape of CID cos α distributions of the signal is shown
in Fig. 5.5b. One can see that it impacts the slope at negative cos α values. In the Borex-
ino MC, its value is estimated to be ∼2 cm and ∼3 cm in the selected region of interest
for the 7Be-ν and CNO-ν analysis, respectively. These values are relatively small, as
compared to the position resolution in Borexino (Sec. 3.2.1) and therefore, not relevant
for the spectral analysis. Moreover, varying ∆rdir parameter does not impact the shape
of background events’ cos α distributions, as shown in Fig. 5.5c. Due to lack of the ded-
icated calibrations, its value is unknown in the data and can be different in data and
MC due to the differences in the underlying hit time distributions. So, ∆rdir is treated
as a free nuisance parameter in the fit.

5.5 Directional analysis of 7Be solar neutrinos

This section provides proof of principle of the CID method, that is, to use directional
Cherenkov hits for the detection of sub-MeV neutrino events in Borexino. Therefore,
the CID analysis is performed in an energy window of ∼(0.5 - 0.8) MeV, that lies around
the Compton-like edge of the 7Be neutrinos, where the contribution from the sub-MeV
solar neutrino events is maximal. Here, the effective correction of the group velocity
for Cherenkov photons (gvcch) is determined using the γ calibration sources, which
were deployed in Borexino during Phase-I and thus, the full analysis is done in Phase-
I (Sec. 5.5.3). By doing CID analysis on the first two hits of selected events in this energy
region, the detection of sub-MeV solar neutrinos with > 5σ significance is carried out.
In addition, a measurement on the number of solar neutrinos in the region of interest
is performed, including all systematic effects in Phase-I. These results are then used
to infer the interaction rate of 7Be solar neutrinos in Borexino, after the subtraction of
other subdominant solar neutrinos lying in this energy window. For the other phases,
the exclusion of background hypothesis only is also provided, as will be discussed in
Sec. 5.5.5.

5.5.1 Data selection

For the directional analysis of 7Be solar neutrinos, the selection criteria for all phases
of Borexino detector until February 2020 is studied. The standard selection cuts are
applied on the dataset of each phase, as described in Sec. 3.2.4, in order to veto the
muons and the cosmogenic backgrounds as well as to reduce the contribution from
backgrounds coincidences and noise events. The additional cuts, that are applied to
obtain high statistics and a good ratio of solar neutrino signal with respect to the ra-
dioactive backgrounds in the detector, are listed as follows:

• Fiducial Volume (FV) : The enlarged fiducial volumes of spherical shape with
R< 3.3 m and mass 132.1 t (for Phase-I and Phase-II), and R < 3.0 m and mass
99.3 t (for Phase-III) are chosen. Note that this fiducial volume is larger than the
one applied in the spectroscopic analysis of Borexino, as the pepFV is used in the
spectral fit analyses (Chapter 4).

The choice of spherical shape of the fiducial volume, with respect to the asymmet-
rical shape of pepFV, is motivated by studying the effects on the shape of cos α
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Phase Fiducial volume Energy cut Total Events Signal to total ratio

Phase-I R < 3.3 m 225 < Ngeonorm
h < 305 19904 51%

Phase-II R < 3.3 m 210 < Ngeonorm
h < 310 29686 76%

Phase-III R < 3.0 m 200 < Ngeonorm
h < 320 19893 81%

Table 5.1: Summary of data selection cuts for the CID analysis in the 7Be edge region and the total
number of events in data of each phase. The last column reports the expected ratio of signal to the
total number of events in ROI. Here, the rate predictions of solar neutrino events is taken from high-
metallicity SSM B16-GS98 (Table 5.3), and the trigger and energy efficiencies are calculated using the
Borexino MC energy PDFs.

distribution of backgrounds using toy MC simulations. The procedure of toy MC
studies is described in Sec. 5.5.4 and the influence of shape of fiducial volume
on cos α distribution of backgrounds is shown in Fig. 5.10a. As can be seen, the
choice of a spherically asymmetric fiducial volume can lead to the deviation of
background distribution shape from an ideal flat distribution and thus, a spheri-
cal fiducial volume is chosen. Moreover, a spherical fiducial volume also benefits
from a large event statistics. A larger FV can be used for the CID analysis because
the energy region of interest is lower than the typical energy region of the exter-
nal γ backgrounds, which also dominates at larger radii and the end cap regions
outside pepFV..

• Energy cut : In order to maximise the number of solar neutrino events over the
total events, a Region of Interest (ROI) of approximately 0.5-0.8 MeV is chosen
for all the phases. This region lies around the 7Be Compton-like edge as shown
in Fig. 5.2b and has a dominant contribution from 7Be solar neutrinos, which is
the main signal in this ROI. It also has a sub-dominant contribution from pep and
CNO solar neutrinos and the contribution from 8B solar neutrinos is negligible.
In this ROI, the 210Po, 210Bi and 85Kr contribute as the backgrounds. Here, the
Ngeonorm

h (Sec. 3.2.1) is used as the energy variable, since it takes into account the
non-uniformity due to the dead PMTs position. Table 5.1 reports the optimised
energy cuts, using the strategy described below.

• Pulse shape discrimination cut: The α/β discrimination technique is used to re-
ject the non-uniform 210Po α background events lying in ROI. The events with
MLP parameter >0.3 are chosen for this analysis.

The upper threshold of ROI and the radius of fiducial volume cut have been chosen
simultaneously, based on the energy spectra of data via studying event rate in different
radial shells with respect to pepFV [216]. This optimisation is based on the fact that the
presence of only non-uniform external γ backgrounds can increase the event rate in
the detector, with respect to the pepFV and in the higher energy regions. This strategy
results in a high statistics of the data events, without compromising on the signal to
background ratio. The lower energy cut is optimised through a Figure of Merit (FOM)
estimation using the MC energy PDFs, after fixing the above mentioned higher energy
and the radial cut:

FOM =
Nsolar−ν

Nα−bckg +
√

(Nsolar−ν + Nβ−bckg)
, (5.7)
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Figure 5.6: (a) Energy distributions of the data events in 7Be ROI for CID analysis, after applying selec-
tion cuts in Phase-I (blue), Phase-II (red), and Phase-III (green) [5]. (b) The CID cos α distribution of 1st

hit (in red) and >5th hits (in blue) data in ROI for Phase-I+II+III after relative time ordering, as described
in Sec. 5.5.2, where both distributions are normalized to the same statistics [5].

where Nsolar−ν is the total number of expected solar neutrino events (7Be, CNO, and
pep), Nα−bckg is the number of residual 210Po events after MLP cut and taking into ac-
count the energy-dependent efficiency of the MLP variable, and Nβ−bckg is the sum of
the β-decay background components (210Bi and 85Kr). The square root in the denomi-
nator is used to account for the Poisson statistical errors. However, the residual 210Po
background is taken out of the square root to give more weight to this background and
suppress it strongly.

Table 5.1 summarizes the fiducial volume and energy cuts for all phases, including
the total number of data events, after application of these selection cuts. It also reports
expected ratio of the solar neutrino events to the total number of all events in ROI, us-
ing the rate predictions of solar neutrino events from high-metallicity SSM B16-GS98,
as well as the trigger and energy efficiencies from Borexino MC energy PDFs. The en-
ergy distribution of selected data events is shown in Fig. 5.6a. The cos α distributions
of time ordered 1st hit (in red) and >5th hits (in blue) of all selected data events in com-
bined Phase-I+II+III after time of flight (ToF) correction, is shown in Fig. 5.6b. One
can clearly see the peak at cos α > 0 for 1st hit (red) due to significant contribution of
Cherenkov photons, while for all later hits (blue), no directional peak is visible, as the
isotropic scintillation photons are dominant. The blue distribution is non-flat, due to
the effects described in Sec. 5.5.4.

The 7Be solar neutrinos are the dominant signal (∼89% of the total neutrino signal)
in the selected ROI. So, the MC PDF for 7Be solar neutrino is used as the signal PDFs
for the further analysis in ROI. Other sub-dominant solar neutrinos, CNO and pep
neutrinos contribute at a level of ∼7% and ∼4% of the total neutrino signal in ROI.
The difference between cos α distributions of different solar neutrinos in the ROI has
been found to be negligible, which could be present as a result of the dependence of
neutrino-electron scattering angle on the energy of scattered electron as well as the
neutrino energy. For the backgrounds, the β-decaying 210Bi events are simulated. As
all the backgrounds are isotropic and not correlated to the Sun’s position, the PDFs
of all other backgrounds are found to have the same shape. The 210Po events, which
are non-uniformly distributed in the detector, are suppressed by MLP cut because the
non-uniformity in the position distribution of events can lead to the differences in the
backgrounds’ cos α distribution (see Sec. 5.5.4).
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Figure 5.7: Detected Cherenkov to the scintillation photon hits ratio as a function of the Nth hits of 7Be
MC events [5].

5.5.2 Analysis Criteria

Nth hit selection

A cut on the Nth hit, Nth-hit(max) is selected in order to maximise the amount of
Cherenkov photons for the CID analysis. Figure 5.7 shows the ratio of Cherenkov to
scintillation light as a function of Nth hit of all the events in ROI, discussed in Sec. 5.5.1.
As it can be seen, the early hits have the highest sub-dominant Cherenkov contribu-
tion, followed by a steady decrease in the ratio for the later hits. A χ2 test between
cos α PDFs of each Nth hit of MC signal and the background ones is performed for
fixed nuisance parameters. It has been found that the first hit of all events has the
highest directional information, while the 2nd hit also has some sensitivity to the di-
rectional differences between the signal and background MC PDFs [174, 215]. The χ2

distribution is observed to be flat for Nth hit > 4. The Nth-hit(max) = 2 is chosen for
the analysis and due to the possible systematic bias in the final result as a function of
Nth-hit(max), the choice of Nth-hit(max) is considered for the systematic uncertainty in
Sec. 5.5.4.

Selection of number of bins

A dedicated study for the selection of number of bins is necessary, in order to have
optimal information in the distributions used for the fit. Having relatively small or
large number of bins can smear out or decrease the impact of the directional infor-
mation in the cos α distributions and hence, can influence the expected precision on
the parameter of interest. Therefore, the number of bins of the cos α distributions in
eq. 5.2 is optimised using a MC based pseudo-experiment approach. In this approach,
the pseudo-datasets are created by sampling the solar neutrino (7Be) and background
(210Bi) cos α PDFs with certain values of nuisance parameters. The total number of
events in these pseudo-datasets is set to be the same as the data statistics, and the
contribution of solar neutrino events is taken from the expected signal to total events
ratio. Both pseudo-data and MC cos α PDFs are created with different number of bins.
For each binning, 10,000 pseudo-datasets are fitted with the MC PDFs of signal and
background events using χ2 defined in eq. 5.8. In this equation, the number of solar
neutrino events, Nsolar−ν is free to vary, while the nuisance parameters are fixed in the
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Figure 5.8: The distributions of the extracted uncertainty (%), defined as the ratio of Root Mean Square
(RMS) of the Nsolar−ν distribution to the injected value of Nsolar−ν in Phase-I, as a function of the number
of bins in the cos α histograms of pseudo-data and MC PDFs. Nsolar−ν is injected with the expected
value in Phase-I. The Nsolar−ν distribution is extracted from the fit of pseudo-data and MC PDFs, where
the total number of events in pseudo-data is same as in the real data, with different injected values
of parameters: gvcch and ∆rdir. The fit is performed using χ2 defined in eq. 5.8, where Nsolar−ν is the
only free parameter and other fit parameters are fixed to their injected values. The distributions in
different colors represent different fit configurations. In all cases, the extracted uncertainty decreases for
the number of bins <30, while for later bins, the distributions do not show strong dependence on the
number of bins.

fit to their injected values. The χ2 is defined as:

χ2(Nsolar−ν) =
Nthhit

∑
n

bins

∑
i

[

{cos αPD
n,i − norm · cos αM

n,i(Nsolar−ν)}2

norm · cos αM
n,i + norm2 · cos αM

n,i

]

, (5.8)

where n, i represent the indices for the Nth hit and the number of bins, respectively.
The cos α values of ith bin and nth hit of the pseudo-data and the MC model are given
by cos αPD

n,i and cos αM
n,i, respectively.

For each configuration, we obtain a best fitted Nsolar−ν value. A distribution of ex-
tracted Nsolar−ν is produced from 10,000 fits, and the mean as well as the Root Mean
Square (RMS) of this distribution are extracted for each configuration. Overall, a neg-
ligible bias of < 0.5% has been observed in the extracted mean Nsolar−ν with respect to
the injected value for all cases. The relative uncertainty (%), defined as the ratio of the
RMS of the distribution to the injected Nsolar−ν, is also extracted.

Figure 5.8 shows the extracted uncertainty of the Nsolar−ν distribution as a function
of the number of bins, considering the total number of events and the expected signal
ratio in Phase-I. Different trends represent different values of the injected nuisance pa-
rameters and the applied Nth hit cut. As can be seen from the figure, until about 30
bins, the distributions of the uncertainty on the extracted Nsolar−ν show a strong de-
pendence on the number of bins, while for later bins, the distributions become almost
steady as a function of the number of bins. For example, for the injected values of
gvcch = 0.068 ns m−1 and ∆rdir = 2.0 cm, using only 1st hit of the events, the extracted
uncertainty decreases from ∼28% at 5 bins to about 25% at ≥ 30 bins. This is expected,
as there is a loss of information if the number of bins is too small. A similar trend can
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also be seen in the distributions, obtained with other injected values of nuisance pa-
rameters and Nth hit cut. It can also be observed that the extracted precision worsens
with increasing ∆rdir, or with decreasing gvcch or Nth hit. This is expected because the
more Cherenkov information is present in the cos α distributions, the more sensitive
the fit is to extract the number of solar neutrino events. For performing the CID anal-
ysis in ROI in Phase-I, a binning of 60 is chosen to avoid too few bins based on the
above pseudo-experiments, as well as too large number of bins that can lead to few
entries per histogram bin. As the analysis with >30 bins are expected to give a com-
parable precision and due to the possible systematic differences in the final result as a
function of binning, the choice of number of bins between 30 to 100 bins is included as
a systematic uncertainty (Sec. 5.5.4).

PMT selection and time calibration

In Borexino, the time equalization of the PMTs are performed weekly using laser cali-
bration [172]. It has been found using the 14C-222Rn calibration source that there exists
sub-nanosecond time differences between different PMTs in the data, necessary to take
into account for the CID analysis. This means that some PMTs in data can observe
early hits relative to the other PMTs due to an intrinsic time behaviour of the PMTs.
If it is also not reproduced in MC, this could result in the fit bias and therefore, this
effect should be corrected. In order to investigate this, the distance dependent hit time
distributions for each PMTs in calibration data are constructed. These distributions are
fitted with a bi-exponentially modified Gaussian distribution, which results in a distri-
bution of mean hit time as a function of the distance from PMT to the source location.
The data PMTs exhibited a hit time offset with respect to all the averages PMT hit time
of about 0.3 ns [215], which corresponds to the standard deviation of the distribution
of relative hit time offset. This behaviour is not present in the MC simulation. Thus,
the differences between each PMT time constant and the mean of all PMTs time con-
stants is then applied in data before time sorting of the photon hits, in addition to the
ToF subtraction to ensure the accurate timing behaviour of the photon hits. In addi-
tion, when the number of 1st hits is plotted as a function of PMTs number for all events
for data and MC, it has been found that some PMTs in data show a deviation from
the average number of hits. This behaviour is not observed in MC and therefore, the
PMTs, whose hit behaviours are correctly reproduced in MC simulation as in data, are
selected for the CID analysis. This is crucial for the directionality analysis as it uses
the early hits, and any bias in the observed number of early hits can lead to the biased
results. In order to ensure the compatibility of the number of early hits on the PMTs in
data and MC, a subset of PMTs is selected, using the ratio of data hits to the MC hits
(normalized to the data statistics) for each PMT. If the number of hits in MC is within
68% Poissonian C.I. of the data hits for a certain PMT, then the PMT is selected to be
used in CID analysis [174, 215].

5.5.3 Calibration for Cherenkov photons using γ-sources

For CID analysis in the 7Be edge energy region, the calibration data from γ sources
[172], are used to estimate the systematic group velocity correction gvcch which is
needed to be applied in MC for Cherenkov photons. As discussed in Sec. 5.4, this
is necessary because the difference in relative group velocity of Cherenkov to scintilla-
tion photons in data with respect to the ones in MC can lead to a biased Cherenkov to
scintillation hits ratio in the early hits and thus, can result in the bias of the fit results.
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Figure 5.9: Schematic representation of the cos δ angle, used in the calibration of group velocity correc-
tion gvcch for the Cherenkov photons in MC using the γ- sources. The direction of γ, emitted from the
source (in red circle) is shown in red dashed line. The Compton scattered electron (e−) emit Cherenkov
photon (orange solid line) in a cone (orange cone), which is correlated to the direction of γ. The scintil-
lation photon (solid blue line) is also shown to be emitted in the direction uncorrelated to the direction
of γ. The δ angle corresponds to the angle between the reconstructed γ direction, based on the recon-
structed position (green dashed circle), and the direction of the hit using the source location and the
PMT position. Used in [5].

The MeV γs interact in Borexino liquid scintillator via Compton scattering on the
multiple electrons, before they are absorbed in the scintillator. These scattered elec-
trons excite the scintillator molecules, and the isotropic scintillation photons as well as
sub-dominant Cherenkov photons are emitted. Similar to the CID analysis, a corre-
lated angular distribution is also defined here, since the initial direction of Compton
electrons and hence, the Cherenkov photons direction is also correlated to the initial γ
direction.

cos δi =

(

r⃗ PMT
i − r⃗source

)

· (⃗rrec − r⃗source)

|
(

r⃗ PMT
i − r⃗source

)

|| (⃗rrec − r⃗source) |
. (5.9)

The directional angle cos δ of the PMT hits, used for this calibration, is calculated using
the position of the PMT that detected the hit i, r⃗ PMT

i and the reconstructed position of
the γ event r⃗rec. Here, | (⃗rrec − r⃗source) | is the reconstructed gamma direction, based on
the reconstructed event position and the source location r⃗source. It is mathematically
expressed in eq. 5.9. The angle δ is illustrated in Fig. 5.9.

Here, the analysis uses calibration data from the 54Mn and 40K gamma sources, with
Q-values of 0.834 MeV and 1.460 MeV, respectively. In order to select the events arising
from the source, a radial cut of <0.8 m, with respect to the source location, is applied.
The energy regions of 290 < Nh < 350 and 480 < Nh < 600 are also chosen for
the 54Mn and 40K gamma sources, respectively. As in the CID analysis, the PMT hits
of all selected events are sorted in time after the ToF correction. The first 3 hits are
selected based on a ∆χ2 difference between 40K PDFs with different values of gvcch.
Now, the cos δ histograms of 40K data is fitted with the MC PDFs, where gvcch is the
free fit parameter. As 40K has more Cherenkov photons, it has a larger sensitivity for
the gvcch fit. In this analysis, it has been found that the direction mis-reconstruction of
γ poses the largest systematic uncertainty. This is due to the different underlying hit
time distributions of data and MC in the first few nanoseconds, which is used in the
position reconstruction. This will result in the different reconstructed positions of γ
events with same true positions. This means that the photons with same direction will
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also be reconstructed differently in the data and MC. A modified position reconstruc-
tion PDF, which is a function of hit time, was produced, that takes into account the
time differences between data and MC using a first Gaussian derivative function. The
parameters of the Gaussian derivative function are selected separately for the data and
MC, such that the resulting different modified position reconstruction PDFs produce
cos δ distributions of 54Mn data and MC, that are in agreement with each other un-
der certain conditions (χ2/nd f < 1.5). The selection of derivative function parameters
under this condition contribute to the systematic uncertainty. Other systematic effects
include the choice of energy cut and Nth hit cut. The final result is gvcch = 0.108 ± 0.006
(stat.) ± 0.039(syst.) ns m−1. This is an effective correction and it changes the timing
of Cherenkov photons relative to the scintillation photons. Considering the refractive
index of ≈1.55 @400 nm wavelength, this correction corresponds to only about 2%.
The gvcch is a sub-nanosecond effect and it depends on the overall timing behaviour of
the whole detector. As the calibration of the detector using γ sources was performed in
mid-2009, this result is considered reliable for Phase-I only and for the later phases, it is
not possible to exclude the change in detector response over time with sub-nanosecond
precision [174, 215].

5.5.4 Systematic errors budget

In addition to gvcch and ∆rdir, that contribute as the major systematics of the CID
analysis, there are other smaller systematic uncertainties for the 7Be solar neutrino
CID analysis. In this analysis, not only Nsolar−ν is extracted but also the 7Be interaction
rate (R(7Be)), after subtracting the contributions of other solar neutrino events from
Nsolar−ν. These systematic uncertainties can be categorized into two: (1) systematic
error on Nsolar−ν, (2) systematic uncertainty from the estimation of R(7Be) only. The
uncertainties, that falls in the first category, are:

Choice of Nth hit: As described in Sec. 5.5.2, the analysis is performed on the first
two hits of the selected events. After performing the fit on cos α distributions with
different cuts on Nth hit = 2, 3, and 4, the systematic uncertainty has been estimated to
be 4.8% by conservatively taking the difference between the maximum and minimum
fit results.

Choice of number of bins: As seen in Sec. 5.5.2, the analysis with >30 bins are ex-
pected to give a comparable precision and 60 bins are selected for this analysis. By per-
forming CID analysis with different binning and conservatively taking the difference
between the maximum and minimum fit results as systematic error, the uncertainty
associated to binning choice has been estimated to be 4.2%.

Selection of PMTs: As discussed in Sec. 5.5.2, a selection based on the number of first
hits contributed by each PMT, was applied such that they are in statistical agreement
between data and MC. The method of PMTs selection gives a systematic uncertainty
of 5.9% by varying Poissonian C.L. from 68% to 95%.

The uncertainties that falls in the second category are:

Exposure: The uncertainty on the exposure is dominated by the precision of the po-
sition reconstruction, using which the events lying inside the fiducial volume are se-
lected. This effect has been studied using calibration sources [172]. The maximum
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uncertainty on the position of the fiducial volume has been found to be 5 cm [78]. Con-
sidering a nominal spherical fiducial volume of 3.3 m, this results in an uncertainty of
4.6%. In addition, the MLP variable contribute to an uncertainty of 1.0%.

CNO and pep neutrino rates: As CNO and pep solar neutrinos also contribute in the
ROI, the conversion of Nsolar−ν to R(7Be) requires the subtraction of their contribu-
tions. The interaction rates of CNO and pep solar neutrino differ for high-metallicity
(HZ) SSM B16-GS98 and low-metallicity (LZ) SSM B16-AGSS09met predictions. In this
analysis, the rates from HZ predictions are used and the difference between HZ and LZ
predictions are included as the systematic uncertainty (+2.5%). In addition, taking into
account the theoretical errors results in the 1.5% relative uncertainty on the number of
7Be neutrinos. The total uncertainty on R(7Be) due to the assumptions of the CNO and
pep neutrino rates is +2.9

−1.5%.

There are some systematic effects that were studied and found to be negligible for
this analysis. They are described in detail as the following:

CNO and pep neutrino spectral shapes:

The systematic uncertainty due to differences in the cos α shapes of the CNO and pep
solar neutrinos in the ROI, according to eq. 2.18, has been studied using the MC simu-
lation and has been found to be negligible. This implies that the CID method alone is
not able to differentiate between 7Be, CNO, and pep neutrinos in the ROI in Borexino,
and only the sum of their contributions can be measured.

Effects on background cos α distribution

The cos α distributions of the background events are not entirely flat. The background
events have no correlation to the Sun’s position, so their cos α distributions are ex-
pected to be flat. Therefore, it is crucial to investigate the underlying reasons which can
cause non-flatness in the observed MC background distributions. Using a toy simula-
tion, it has been found that several effects can contribute to this: (1) an asymmetrical
fiducial volume cut (2) non-uniform distribution of PMTs and number of live PMTs,
and (3) non-uniform background distribution. These effects were studied by devel-
oping a C++/ROOT based toy MC framework, which I performed. In this simplified
framework, only the geometrical conditions of the detector, such as the observed Sun’s
position relative to the Borexino detector’s coordinates, the event positions, and the
distribution of PMTs inside the detector, are implemented. Here, no timing informa-
tion is taken into account, and random PMTs are chosen to simulate the hit direction as
would be in reality for the backgrounds. Therefore, only the effects relevant for back-
grounds are studied here. To obtain the cos α distribution, the angle between simulated
solar direction and the direction of PMT hit with respect to the generated event posi-
tion is calculated. Using this approach, the ideal detector conditions, where all events
are present uniformly inside a spherical volume of the detector and the detector has
100% PMT coverage, is first simulated. In these conditions, an ideal flat cos α distri-
bution of background events is expected, as they have no correlation with the Sun’s
position. Then, one effect is applied at a time.

The effect of using an asymmetrical fiducial volume cut (pepFV) can be seen in
Fig. 5.10a. This has been removed by employing a spherical fiducial volume, as previ-
ously explained in Sec. 5.5.1. The next possible source is the non-uniform distribution
of the data events. Figure 5.11 shows the spatial distribution of data events in Phase-I
and their comparison with uniformly distributed toy events. As can be seen, the data
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Figure 5.10: Effects on the cos α distributions of background events, which are simulated using a toy
MC approach where only the geometrical conditions of the detector, such as the observed Sun’s posi-
tion relative to the Borexino detector’s coordinates, generated event positions, and the distribution of
PMTs inside the detector are taken into account. The distribution of ideal conditions is shown in red,
where uniformly distributed events in a spherical volume and the uniform PMTs with 100% coverage
are simulated. The different effects, applied at a time, are shown in black: (a) an asymmetrical fiducial
volume cut, (b) non-uniform event distribution which is sampled from Phase-I data distribution, and
(c) non-uniform distribution of PMTs and number of live PMTs corresponding to a run in Phase-1. Each
distribution is normalized to 1 and has the statistics of about ∼1010 entries.

distributions are not fully compatible with distributions of uniformly generated toy
events, which could be due to the possible non-uniformity of background events. Fig-
ure 5.10b depicts the comparison of cos α distribution using the uniformly generated
toy events and the non-uniform event distribution, which are sampled from the Phase-
I data spatial distribution. It can be seen that the maximum effect is at the level of
< 0.1% for Phase-I, thus negligible within the statistics of data and MC.

The non-uniform distribution of PMTs in the detector as well as their finite amount
that results in <100% detector coverage, also lead to a non-flat cos α distribution of
the background events. This effect in comparison to the ideal conditions is shown in
Fig. 5.10c, where the live PMTs position distribution corresponding to a run in Phase-I
is simulated. This effect is the dominant and lead to a non-flat CID distribution of the
background MC. Since the distribution of PMTs in each phase is perfectly reproduced
by the full MC, this effect does not contribute to the systematic uncertainty.
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Figure 5.11: The reconstructed position distribution of selected data events (black points) in ROI for
Phase-I in Cartesian coordinates: x (a), y (b), and z (c). The red distributions shows the spatial distribu-
tion of uniformly generated toy events inside a sphere of radius 3.3 m.
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Figure 5.12: The cos α distributions of the background events, which are simulated using Borexino MC
in black and the toy MC approach in red, are shown. In toy approach, only the geometrical conditions
of the detector such as the observed Sun’s position relative to the Borexino detector’s coordinates in
Phase-I, uniformly distributed event positions, and the distribution of live PMTs in Phase-I inside the
detector, are taken into account. The statistics of toy MC and Bx MC simulated events are simulated to
be the same.

MC production method

As discussed in Sec. 5.3, about 200 events are simulated in MC per data event, once
as a signal and once as a background, in a sphere of radius 15 cm around the recon-
structed event position with corresponding Sun’s position and live PMT distribution.
Since the cos α calculation depends on the event positions, the MC PDFs are also pro-
duced using the uniformly sampled event positions and their shape has been found
to be in agreement with the PDFs produced using reconstructed vertex of data events.
Figure 5.12 shows the comparison of cos α distributions from 210Bi MC (black) and the
toy MC (red) described above, where only geometrical conditions related to Sun’s po-
sition and PMTs position as in Phase-I data, as well as uniformly distributed toy events
with the MC statistics, are simulated. It can be seen that the two distributions are com-
patible with each other. In addition, it is also unknown that how many data events
are actually the true neutrino or background event and can cause systematic effect for
the choice of position for the simulation. In order to investigate this, a set of large
number of MC histograms are produced, each corresponding to a random selection of
expected number of signal/background events from data. The data is analyzed again
with these sets and the systematic uncertainty arising from this method is found to be
negligible [217]. These studies show that the MC production method is robust and do
not have any associated systematic uncertainty regarding the choice of event position,
whether all uniform or a subset of data event positions.
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Figure 5.13: The cos α distributions of the (a) first and (b) second hits of all selected events in Phase-I
(black points), compared with the best fit curve (red) for the resulting Nsolar−ν = 10887. All distributions
are normalized to the data statistics. It can be inferred that the data points cannot be explained by the
background-only hypothesis (blue). (c) The ∆χ2 profiles from of the fit of the first and second hits of
all the selected events in Phase-I, as a function of Nsolar−ν with (blue solid curve) and without (blue
dotted curve) the systematic (Syst.) uncertainties. The no-neutrino signal hypothesis (Nsolar−ν=0) can be
rejected with ∆χ2 > 25 or > 5σ significance. The blue shaded band represents the 68% C.I. on Nsolar−ν

and the best fit value is shown as a vertical blue dotted line. The 68% C.I. of the expected Nsolar−ν using
high-metallicity (HZ) SSM B16-GS98 predictions is shown as a shaded orange band [4, 5].

Therefore, the total systematic uncertainty on the directional measurement of number
of solar neutrinos (Nsolar−ν) in the 7Be edge region and the 7Be interaction rate are
estimated to be 6.9%, and +8.8

−8.4%, respectively.

5.5.5 Results

This section discusses the results of CID analysis on the data events in the ROI dis-
cussed in Sec. 5.5.1. Here, the measurement on the number of solar neutrinos using
CID method is provided for Phase-I period only, since the calibration of effective group
velocity correction for the Cherenkov photons is performed in Phase-I. The remaining
phases are used to provide only the exclusion of the null hypothesis of no-neutrinos.
The fit strategy, as discussed in Sec 5.4, is adopted to perform the fit on the first and
second PMT hits of all selected events (19904 in Phase-I) to obtain the number of solar
neutrinos Nsolar−ν, which consists of 7Be+pep+CNO neutrino events.

The results of the CID analysis in 7Be edge energy region are shown in Fig. 5.13. It
can be seen that the best fit cos α distribution (red) is well in agreement with the first
(Fig. 5.13a) and second (Fig. 5.13b) hits of the selected data events (black), while the
background curve only (blue) is incompatible with the data. We now obtain a ∆χ2

profile (dotted blue curve) as a function of Nsolar−ν for the first two hits of each event.
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Figure 5.14: The cos α distribution of the first hits of the selected data (black points) in combined Phase-
I+II+III period. The comparison with the background MC PDF, normalized to the statistics of data, is
shown in blue curve. It can be seen that the data cannot be explained with a background-only hypothesis
[5].

The χ2 profile has been further smeared with the systematic uncertainties, described
in Sec. 5.5.4. The ∆χ2 profiles without (dotted blue curve) and with (solid blue curve)
systematic uncertainty as a function of Nsolar−ν are shown in Fig. 5.13c. From the fit,
the χ2/nd f = 124.6/117 and a p-value=0.3 are obtained. The measured number of
solar neutrinos Nsolar−ν in the ROI is:

Nsolar−ν = 10887+2386
−2103(stat.)± 947(syst.).

The expected value of Nsolar−ν using high-metallicity (HZ) SSM B16-GS98 predictions
is 10187+541

−1127 events. The 68% C.I. of the result corresponding to ∆χ2 = 1 and the
expectations are shown as the blue and orange bands, respectively, in Fig. 5.13c.

As the nuisance parameters gvcorr
ch and ∆rdir does not influence the cos α distribution

of the background, the profile becomes steeper for a larger background contribution.
This is the reason for the asymmetry of the ∆χ2 profile. Since the pure background
hypothesis can be excluded with ∆χ2 > 25, this corresponds to a >5σ detection of sub-
MeV solar neutrinos using their directional Cherenkov light with the CID method.

The statistical uncertainty (+2386, -2103) on the final measurement is arising from
the combination of the statistics of data and the effect of the nuisance parameters in
the fit. Using MC studies, the expected statistical uncertainty on Nsolar−ν is found to be
±1523 events, when the nuisance parameters are fixed. The uncertainty from the lack
of a dedicated e− Cherenkov calibration can then be estimated as (+1837, -1450) events.

The result on the 7Be interaction rate, using measured Nsolar−ν from Phase-I, after
fixing the contributions of the CNO and pep solar neutrinos from the SSM predictions
and including the systematic uncertainties due the detection efficiency, exposure, and
the difference between the HZ and LZ predictions of CNO and pep neutrinos:

R(7Be) = 51.6+13.9
−12.5 (stat. + syst.) cpd/100t.

Figure 5.14 shows the test regarding the background-only hypothesis on the summed
data of all three Borexino phases. The data in each phase undergoes the selection cuts
corresponding to each phase, as discussed in Sec. 5.5.1. It can be seen that a pure back-
ground MC PDF does not agree with the first hits of the data. Since Cherenkov light
from the background is uncorrelated to the solar direction, this comparison does not
depend on a Cherenkov calibration. The χ2 between the data and the MC β back-
ground PDF gives a p-value<3×10−7 (χ2/ndf = 95.5/9 for 10 bins). This shows that
the background-only hypothesis is incompatible with our data with a significance >5σ
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and a detection of solar neutrinos is performed only using their directionality, without
any Cherenkov calibration.

These results on the 7Be-ν rate measurement have shown the proof of principle for
the CID method. The CID method can be further combined with the multivariate spec-
tral fit discussed in Chapter 4 for a joint analysis. This is done for the CNO solar neu-
trinos measurement, as will be described in the next section.

5.6 Directionality analysis of CNO solar neutrinos

This section is devoted to the measurement of CNO solar neutrinos using CID method.
Here, the analysis is performed in an energy region of 0.85 MeV − 1.3 MeV, as shown
in Fig. 5.15. This energy region has been optimised for the CNO-ν analysis, never-
theless, the contribution from pep-ν is dominant. While the measurement of 7Be solar
neutrino interaction rate was possible only in Phase-I, the CNO measurement can now
be performed in all phases. This is possible due to the development of the strategy
to calibrate gvcch using the 7Be shoulder data. This is done by performing the CID
analysis in the same RoI as in the previous section. Here, the number of solar neutri-
nos, dominantly 7Be-ν, is constrained to the average of high-metallicity SSM B16-GS98
and low-metallicity SSM B16-AGSS09met predictions. The obtained gvcch correction
is then used in the CID analysis in a fully independent energy region for the CNO-ν
measurement. With this new strategy, the effective correction of the group velocity of
Cherenkov light in the MC, gvcch can be calibrated on the same data taking period
as the one used for the CNO analysis. The details of gvcch calibration using 7Be-ν
energy region are discussed in Sec. 5.6.3. Here, the MC production of neutrino and
background PDFs, as well as performing the data fit follows the strategy described in
Sec. 5.3 and Sec. 5.4, respectively. Since Cherenkov and scintillation photons cannot be
distinguished in the data, only the 1st and 2nd hits of each event were used in Sec. 5.5,
which have the largest probability of all hits to be Cherenkov hits. For the analysis
presented in this section, the directional information contained in the first several hits
(∼15), is fully exploited. This choice uses direct and indirect information (see Sec. 5.4)
from Cherenkov photons and is supported by the sensitivity studies and the Monte
Carlo simulations, as will be described in Sec. 5.6.2. The various systematic effects rel-
evant for the CNO-ν analysis using CID method are discussed in Sec. 5.6.4. The CID
fit results on the CNO measurement, after taking into account all systematics and cal-
culating a Bayesian posterior distribution, are reported in Sec. 5.6.5. The results from
the directional analysis of CNO solar neutrinos are then combined with the standard
multivariate analysis performed on Phase-III data [218], to obtain an improved mea-
surement of the CNO neutrino interaction rate, as summarized in Sec. 5.6.6. These
results are published in [6].

5.6.1 Data selection

For the CID measurement of CNO solar neutrinos, the entire Borexino dataset until
the end of its data taking (2007-2021) is used. Two analyses have been performed in
parallel: for Phase-I (May 2007 to May 2010, 740.7 days) and Phase-II+III (December
2011 to October 2021, 2888.0 days). The reason is that this allows the comparison of
gvcch obtained using the γ-sources from calibration (Sec. 5.5.3) with the one obtained
in Sec. 5.6.3. Also, the analyses of two independent datasets allow for the investigation
of any variation of the detector response over time.

The selection cuts are: RFV < 3.05 m and 340 < Ngeonorm
h < 520 for Phase-I, and

RFV < 2.95 m and 340 < Ngeonorm
h < 515 for Phase-II+III. Here, the strategy for opti-

mising region of interest for the CNO-ν measurement (RoICNO) is based on the same
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Phase Fiducial volume Energy cut Total Events Signal to total ratio

Phase-I R < 3.05 m 340 < Ngeonorm
h < 520 2990 22%

Phase-II+III R < 2.95 m 340 < Ngeonorm
h < 515 5974 40%

Table 5.2: Summary of fiducial volume and energy cuts for the CID analysis in region of interest for
the CNO-ν measurement (RoICNO) and the total number of events in Phase-I and Phase-II+III data after
application of all cuts. The last column reports the expected ratio of signal to the total number of events
in RoICNO. For this, the rate predictions of solar neutrino events is taken from the high-metallicity SSM
B16-GS98 expectations and the trigger and energy efficiencies are calculated using the Borexino MC
energy PDFs.

FOM method [216], discussed in Sec. 5.5.1. In addition, all other cuts that include the
muon veto and data quality cuts have been applied as discussed in Chapter 3. The TFC
algorithm (Chapter 3) is also applied to suppress the 11C background in the RoICNO,
preserving the exposure with a signal survival fraction of 55.77% ± 0.02% for Phase-I
and 63.97% ± 0.02% for Phase-II+III. Therefore, the overall exposures for this analy-
sis are: 740.7 days × 104.3 t × 55.77% for Phase-I and 2888.0 days × 94.4 t × 63.97% for
Phase-II+III. The total exposure of Phase-II+III (477.81 years × t) is about four times
larger than that of Phase-I (118.04 years × t). All these cuts ensure a maximal signal to
background ratio for the CNO analysis. The RoICNO is illustrated for the Phase-II+III
dataset in a yellow band in Fig. 5.15.

In addition to CNO-ν, the RoICNO consists of pep-ν and 8B-ν as the signal. The pep-ν
has the dominant contribution with about ∼64% of the total number of solar neutrino
events in RoICNO. The contribution of CNO-ν and 8B-ν the RoICNO is ∼33% and ∼2.5%
of the total number of solar neutrino events, respectively. The remaining negligible
contribution is from 7Be-ν. The 210Bi decay, cosmogenic 11C, and external γ events
contribute as the backgrounds in RoICNO. As the emission of secondary particles of
these backgrounds have no correlation with the Sun’s position, the differences in the
shape of cos α distributions of 210Bi and 11C backgrounds in RoICNO have been found to
be negligible. The effect on the shape of cos α distributions of external γ backgrounds
due to their radial dependence is also studied, as will be described in Sec 5.6.4. There-
fore, the cos α distributions of pep-ν and 210Bi background with their spectral shape in
RoICNO are used as the signal and background PDFs, respectively, using the procedure
described in Sec. 5.3. The difference in the shape of cos α distributions of different solar
neutrinos in RoICNO is included as the systematic uncertainty in Sec 5.6.4.

5.6.2 Analysis criteria

Number of bins

Similar to Sec. 5.5.2, the number of bins for CID analysis in RoICNO, is also selected
using the MC based sensitivity approach so that the information in the expected cos α
distributions is optimal. Here, the pseudo-datasets are created by sampling pep so-
lar neutrino and 210Bi background MC PDFs, and the contribution of solar neutrino
events is fixed according to the expected signal-to-total ratio (Table 5.2). The total
number of events in these pseudo-datasets is set to be the same as the data statistics
in Table 5.2. Figure 5.16 shows the extracted uncertainty of the Nsolar−ν distribution
in RoICNO as a function of the number of bins, considering the total number of events
and the expected signal ratio in Phase-II+III. This study is performed for different val-
ues of injected nuisance parameters and the Nth hit cuts with high Cherenkov ratio. It
is observed that until ∼40 bins, the distributions of the uncertainty on the extracted
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Figure 5.15: Illustration of the two RoIs, on the energy spectrum of the Phase-II+III data in the fiducial
volume of 2.95 m radius. The Monte Carlo PDFs of different solar neutrino components are scaled to the
high-metallicity SSM B16-GS98 predictions. The grey band shows the 7Be-ν edge region, used for the
estimation of gvcch correction (RoIgvc). The CNO region, used to measure the CNO-ν rate, is shown in
yellow band (RoICNO). Used in [6].

Nsolar−ν have a decreasing trend, while for larger binning, the extracted uncertainty
of the Nsolar−ν almost stabilizes. A similar trend can also be seen in the distributions,
obtained by injecting other values of nuisance parameters and using Nth hit cut = 2. A
bias of < 0.5% has been observed in the extracted mean Nsolar−ν with respect to the
injected value, which is negligible within the statistical error. For Phase-I, the simi-
lar observations have been made on the extracted precision Nsolar−ν as function of the
number of bins, where the extracted uncertainty decreases until ∼40 bins, while it al-
most stabilizes for larger binning. For performing CID analysis in RoICNO, a binning of
60 is chosen for all phases, in order not to have less number of bins where the expected
sensitivity in RoICNO worsens. Therefore, the choice of the number of bins, between 40
and 100, is studied for the systematic uncertainty (Sec. 5.6.4).

Improved selection of Nth hit range

For performing the CID analysis in RoICNO, the selection of Nth hit cut or Nth-hit(max)
is investigated using the MC based sensitivity approach, as described in Sec. 5.5.2.
Here, the uncertainty of the Nsolar−ν distribution in RoICNO is extracted as a function
of Nth hit, for the fixed values of gvcch and ∆rdir. Figure 5.17a shows the extracted
uncertainty of the Nsolar−ν distribution in RoICNO as a function of the Nth hit cut, con-
sidering the total number of events and the expected signal ratio in Phase-II+III. It can
be seen from the figure that the extracted uncertainty improves as a function of increas-
ing Nth hit cut in the toy CID analysis. For example, the extracted uncertainty is about
28% using Nth hits up to 2, while it drops to ∼18% for Nth hit cut = 15, followed by a
steady trend at later hits for gvcch = 0.108 ns/m and ∆rdir = 3.0 cm. The reason is that
the ∆rdir parameter induces the slope at negative cos α values, as discussed in Sec. 5.4.
As a result, the signal and background MC cos α histograms are still different from
each other for the first few hits, as well as even for later hits (5 ≲ Nth hit ≲ 20), where
the contribution of direct Cherenkov hits becomes negligible relative to the scintillation
hits, as shown in Fig. 5.17b. The much later hits consist of delayed scintillation pho-
tons, that have undergone various optical process during their propagation inside the
detector. A few cm of bias does not influence the cos α distributions of these noisy hits
and their shape is compatible with the backgrounds distributions. Figure 5.17c shows
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Figure 5.16: The distributions of the extracted uncertainty (%), defined as the ratio of Root Mean Square
(RMS) of the Nsolar−ν distribution to the injected value of the expected Nsolar−ν in Phase-II+III, as a
function of number of bins in cos α histograms of pseudo-data and MC PDFs in RoICNO. The Nsolar−ν

distribution is extracted from the fit of the MC based pseudo-experiments. The total number of events in
pseudo-data is the same as in real data, with fixed and different injected values of nuisance parameters
(gvcch and ∆rdir) to investigate their impact. The fit is performed using χ2 defined in eq. 5.8, where
Nsolar−ν is the only free parameter and up to Nth hit = 1 or 2. It can be seen that the extracted uncertainty
have a decreasing trend for number of bins ≲40, while for later bins, the distributions do not show a
strong dependence on the number of bins.

the comparison between the MC cos α distributions of different Nth hits of simulated
pep-ν events, as well as with the cos α distribution of 210Bi events simulated in RoICNO.
It can be observed that the later hits (Nth hit = 5, 17) still have the directional infor-
mation and are different from background distribution. This directional information,
due to ∆rdir, decreases as function of increasing Nth hit, and the PDF corresponding to
much later hit (Nth hit = 40) of pep-ν is in agreement with the 210Bi PDF. For the Phase-I,
the similar observations have been made using the same toy study with the expected
signal contribution in this period, where the extracted precision improves significantly
as function of Nth hit cut, that is, from about 60% using Nth hits up to 2, to ∼42% for
Nth hit cut = 15, for fixed values of gvcch = 0.108 ns/m and ∆rdir = 3.0 cm. Figure
5.17a also illustrates the possible impact of varying values of nuisance parameters. By
changing the ∆rdir value from 3.0 cm (blue) to 2.0 cm (orange), the overall sensitivity
improves due to an increase in the Cherenkov peak in the first hits (see Fig.5.5b). How-
ever, the dependence on the Nth hit cut also decreases, compared to the slope at Nth hit
cut ≳ 5 in the blue distribution, as a result of a decrease in the slope at negative cos α
values. When gvcch is lowered (green) while keeping ∆rdir fixed, the first few hits are
impacted due to a fewer Cherenkov photons, but the overall trend in the slope of the
distribution in green is similar to the blue distribution as the ∆rdir value is the same.
Therefore, it can be concluded that by using several early hits, instead of only 2 hits, it
is expected that the CID sensitivity improves due to the presence of directional infor-
mation in these hits of the signal cos α distributions.

For the CID analysis in RoICNO, the first hits up to the Nth-hit(max) = 15, 17 are
used for Phase-I and Phase-II+III, respectively, in order to use all direct Cherenkov
information and indirect Cherenkov information from ∆rdir and to keep contribution
small from the delayed hits with no Cherenkov information [219]. This selection is
based on investigating the directional differences between 104 cos α distributions of
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Figure 5.17: (a) The extracted uncertainty (%) on Nsolar−ν from the MC based sensitivity studies in Phase-
II+III, as a function of the Nth-hit(max) in the CID analysis of pseudo-data and MC PDFs in RoICNO. In
the MC based pseudo-experiments, the total number of events in pseudo-data is the same as in the
real data, with fixed and different injected values of nuisance parameters (gvcch and ∆rdir). The fit is
performed on pseudo-data using the χ2, defined in eq. 5.8, where Nsolar−ν is the only free parameter.
It can be seen that the extracted uncertainty improves significantly as a function of the Nth hit cut in
the CID analysis. The vertical line represents the Nth-hit(max) = 17, optimised for the CID analysis in
Phase-II+III. (b) Detected Cherenkov to scintillation photon hits ratio as a function of each Nth hit, for
all simulated events of the pep solar neutrinos in Phase-II+III in RoICNO [6]. (c) Comparison between
the shapes of MC cos α distributions of different Nth hits of simulated pep-ν events (red, blue, and green)
which are simulated in RoICNO. The Nth hit = 5 (red) correspond to little direct Cherenkov contribution,
have directional information from the ∆rdir parameter. This directional information decreases as a func-
tion of increasing Nth hit, which is shown for Nth hit = 17 (blue), due to optical processes in LS during
propagation of the delayed hits. As shown for the Nth hit = 40 (green), the indirect information is not
visible and the shape of cos α distribution of pep solar neutrinos is compatible with the shape of 210Bi
cos α distribution (black). This is performed for Phase-II+III period and with gvcch = 0.108 ns/m and
∆rdir = 3.0 cm. Here, the distributions correspond to MC statistics and are normalised to 1.

each Nth hit of the signal and background PDFs, with data statistics for the expected
value of nuisance parameters. For this, a ∆χ2 test is performed between the sampled
cos α distributions of the signal and background PDFs for each Nth hit, and an aver-
aged ∆χ2 from 104 comparisons is obtained as a function of Nth hit. It is observed that
until Nth hit ≈15 (17) for Phase-I (Phase-II+III), averaged ∆χ2 is greater than zero. The
averaged ∆χ2 as a function of Nth hit in RoICNO for Phase-II+III is shown in Fig. 5.18.
This means that there exist directional differences between the signal and background
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Figure 5.18: ∆χ2 between the neutrino signal and background MC cos α distributions in RoICNO of the
Phase-II+III period for different selections of nuisance parameters. From [6, 219].

PDFs on average, until Nth hit ≈15 (17) for the Phase-I (Phase-II+III) with data statis-
tics. From Fig. 5.17a, it can also be seen that there is almost no effect of ∆rdir on sensitiv-
ity results for Nth hit≳17. This choice on the Nth hit cut is attributed to the systematic
uncertainty.

PMT selection and time calibration

As discussed in 5.5.2, some data PMTs show the time misbehaviour and have over-
selection of the number of 1st hits, not reproduced in the MC. In Sec. 5.5.2, the data
PMTs’ time behaviour was investigated and corrected using the sources from the cali-
bration performed in 2008-2009 and can therefore be considered reliable only for Phase-
I. Also, the PMTs were deselected based on the statistical agreement (68% C.L) between
only the first hits in data and MC. This is a conservative method as it does not take
into account the overall PMT hit time properties and is likely to over-reject the non-
misbehaving PMTs.

Since all phases are utilised for the CID analysis in RoICNO, a method based on the
11C tagged data in an energy region of 350 < N

geonorm
h < 700 is utilised. As a result,

the same data-taking period can be used in this method as well as for the CID analy-
sis. In addition, the 11C data is independent from the data used for the CID analysis.
Moreover in this method, the PMTs with overall hit time misbehaviour as well as the
misbehaviour in early hits are deselected. For each PMT, the ToF corrected hit time
distributions are built separately for Phase-I, Phase-II, and Phase-III, and these distri-
butions are fitted with a bi-exponentially modified Gaussian function. This function
consists of parameters such as the amplitudes A1 and A2, τ1 and τ2 as the exponential
time constants, and µ and σ as the Gaussian mean and standard deviation. The test
statistic for the fit is based on a Poissonian likelihood. The distributions of the best fit
results of these model parameters as well as the test statistics, the fit uncertainty on µ,
∆µ, and the early hits over total ratio, are extracted. Then, the PMTs are deselected,
based on the difference between their fit parameters and their mean values with re-
spect to the chosen cut values. As the chosen cut values can result in the possible bias
of PMTs selection, which can influence the CID analysis since it depends on the PMTs
distribution, the systematic uncertainty associated to the selection of PMTs is discussed
in Sec. 5.6.4.

It is also observed that the µ distribution of data PMTs cannot be explained from
the statistical uncertainty from the fit of the PMT hit time distribution. The data PMTs
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have an offset relative to each other, following a distribution with a standard deviation
of 0.3 ns, and this offset has been measured with an uncertainty of up to ±0.1 ns. This
value is fully compatible with the one obtained in Sec. 5.5.2. It was not found to be
the case in the MC, where the PMT hit time distribution of the simulated 11C events
were analyzed in the same way. Consequently, the data PMTs are corrected with a
relative offset, which is the difference between µ and the averaged µ, in order to have
same PMT time behaviour in data and MC. And the fit error ∆µ is propagated in the
analysis chain, as this relative offset is known with a finite precision. This is done by
performing CID analysis 1000 times, where each time, the time correction of the PMTs
are modified with a Gaussian smearing with ∆µ as the standard deviation [215], as will
be discussed in Sec. 5.6.4.

5.6.3 Calibration for Cherenkov photons using 7Be solar neutrinos

Data selection

Since the sub-nanosecond stability of the detector time response cannot be guaranteed
for long periods, and no more calibrations have been performed after 2009, a method
to calibrate the gvcch on the 7Be shoulder data has been developed. This is done by
using the fiducial volumes, MLP parameter cuts, and energy cuts on the data until
the end of Borexino data taking, as those listed in Sec. 5.5.1. This energy region will
be referred to as RoIgvc. The RoIgvc is illustrated for the Phase-II+III dataset in grey
band in Fig. 5.15. It can be seen that the two energy regions, used to calibrate gvcch
and to measure the CNO-ν, are fully independent. Nevertheless, this calibration has
been found to be justified according to the MC studies, as the wavelength distribution
of the detected Cherenkov photons, produced by electrons from RoIgvc and RoICNO,
are in the agreement with each other [220]. Here, we perform the CID analysis on
the 7Be shoulder data in Phase-I and Phase-II+III, so that the gvcch can be calibrated
on the same data taking period as the one used for the CNO analysis. Furthermore,
the obtained gvcch can also be compared with the value estimated from γ-sources in
Sec. 5.5.3.

Fit strategy

The fit procedure, to obtain gvcch in the 7Be shoulder region, follows the similar strat-
egy as discussed in Sec. 5.4. However, since gvcch is now the parameter of interest, the
modified χ2 is defined as follows:

χ2 =
Nth-hit(max)

∑
n=1

bins

∑
i=1

[

{cos αD
n,i − norm · cos αM

n,i(Nsolar−ν, ∆rdir, gvcch)}2

norm · cos αM
n,i + norm2 · cos αM

n,i

]

− 2 ln (P(Nsolar−ν)) .

(5.10)

The cos αM
n,i, for nth hit and ith bin, is modeled as eq. 5.3. The selected number of bins

is 60 (Sec. 5.5.2). The values of Nth-hit(max) are the same as the values used in RoICNO
for each phase, studied using the sensitivity and MC studies as in RoICNO. The num-
ber of neutrino events Nsolar−ν and ∆rdir are treated as the nuisance parameters, and
Nsolar−ν is constrained in each phase, using the probability distributions based on SSM
expectations. For this, the neutrino prior probability distribution P(Nsolar−ν) is given
by the sum of the Gaussian probability distributions (φ) with the mean (N7Be, Npep)
and the standard deviations (σ7Be, σpep) from the high-metallicity (HZ) SSM B16-GS98
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Figure 5.19: The probability distributions of expected Nsolar−ν, P(Nsolar−ν) in Phase-I (a) and Phase-
II+III (b). The distribution in black and blue correspond to the probability distributions, calculated using
expected number of 7Be-ν and pep-ν events in RoIgvc from the high-metallicity (HZ) SSM B16-GS98 only
and the low-metallicity (LZ) SSM B16-AGSS09met only predictions in eq. 5.11, respectively. The red
distribution is calculated using both high-metallicity (HZ) SSM B16-GS98 and low-metallicity (LZ) SSM
B16-AGSS09met predictions on the expected number of 7Be-ν and pep-ν events in RoIgvc in eq. 5.11. In
all these distributions, a uniform probability distribution of number of CNO-ν events between 0 to the
HZ-SSM CNO expectation taking into account its 5σ error, is used for convolution. The total probability
distribution (red) is then used in eq. 5.10. These distributions include systematic uncertainties arising
from the exposure, during the conversion of rate to number of events.

and low-metallicity (LZ) SSM B16-AGSS09met predictions in RoIgvc, as well as taking
into account the expected statistical uncertainty. In this way, both HZ and LZ SSMs are
equally treated. The resulting distribution is then convoluted with a uniform distribu-
tion of CNO-ν, denoted by f , between zero and the HZ-SSM CNO expectations taking
into account the 5σ error, NHZ

CNO + 5σHZ
CNO:

P (Nsolar−ν) =
∫

t
[φHZ-SSM (Nsolar−ν − t) + φLZ-SSM (Nsolar−ν − t)] · f (t) dt,

φSSM(x) ∝ exp

(

−1
2

(

x −
(

N7Be + Npep

))2

σ2
7Be + σ2

pep

)

,

f (t) =















1 if 0 ≤ t ≤ NHZ
CNO + 5σHZ

CNO.

0 otherwise .

(5.11)

By assigning a uniform probability to CNO-ν counts, a potential correlation of the
gvcch calibration and the subsequent measurement of the CNO-ν rate using this gvcch
constraint, is avoided. Figure 5.19 shows the neutrino prior probability distribution
P(Nsolar−ν) in red for both Phase-I and Phase-II+III, calculated using eq. 5.11 and is
used in eq. 5.10. Table 5.3 summarizes the expected number of different solar neutri-
nos along with their theoretical uncertainties, that are used to estimate the neutrino
probability distributions in Fig. 5.19.

Results on the group velocity correction

Figure 5.20 shows the illustration of the best fit results for the summed hits in Phase-I
(top) and Phase-II+III (bottom), relative to a pure background hypothesis (blue). For
the early hits (left), the direct Cherenkov light causes the peak seen for cos α > 0 and
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Solar -ν Phase-I Phase-II+III

7Be [counts] 9060 ± 530 (HZ) 41153 ± 2405 (HZ)

8270 ± 483 (LZ) 37563 ± 2196 (LZ)

pep [counts] 424 ± 6 (HZ) 1962 ± 27 (HZ)

430 ± 6 (LZ) 1989 ± 26 (LZ)

CNO [counts] 705 ± 112 (HZ) 3341 ± 532 (HZ)

505 ± 75 (LZ) 2393 ± 357 (LZ)

Table 5.3: Expected number of solar neutrinos in RoIgvc, which are used in eq. 5.11. The calculations
use the rate predictions and errors from [221], that uses the flux predictions from the SSM B16-GS98 and
the SSM B16-AGSS09met.

the influence of ∆rdir induces the negative slope for cos α < 0, which can be seen in the
best fit (red) distributions. For later Nth hits (right), the Cherenkov peak washes away,
whereas the indirect impact of the Cherenkov hits on the position reconstruction bias
∆rdir makes it still possible to distinguish between the neutrino signal and background.

The compatibility between the data and the MC model, considering all selected hits,
is good: χ2/ndf = 874.9/897, p-value = 0.70 for Phase-I and χ2/ndf = 1036.2/1017, p-
value = 0.33 for Phase-II+III. The illustrations of the best fit results for some individual
hits in Phase-I and Phase-II+III are shown in Appendix A. The χ2/ndf and p-values
have also been investigated for the individual Nth hits cos α histograms, to investigate
the fit performance. For all cases, the best fit MC model cos α distribution is always in
agreement with the data. The effective calibration of the Cherenkov light as a result
of the CID analysis on the 7Be edge is gvcch = (0.140 ± 0.029) ns m−1 for Phase-I and
gvcch = (0.089 ± 0.019) ns m−1 for Phase-II+III. These gvcch values for Phase-I and
Phase-II+III differ by less than 1.5σ. Both values are in agreement with the calibration
performed using a 40K γ source, as shown in Fig. 5.22. These results include the non-
negligible systematic uncertainties, which are summarized below:

Exposure: Since the gvcch calibration is performed using the constraint on the ex-
pected number of all solar neutrino events, which is converted from the rate using
exposure, the systematic uncertainties associated to exposure should be taken into ac-
count. The systematic uncertainty on the determination of fiducial mass and on the
fraction of solar neutrinos in the RoI is evaluated. The error related to fiducial mass is
evaluated to be

(

+0.2
−1.2

)

for all phases using the calibration sources. Here, the edge of FV

are sampled according to the offsets between reconstructed event position and the true
position of 222Rn+14C calibration source. The new obtained volumes are compared
to the nominal values. The systematic uncertainty associated to α/β discrimination
method (Sec. 5.5.4) is also taken into account. The systematic error due to energy effi-
ciency is evaluated to be 1.3% for Phase-I and 0.9% for Phase-II+III using the toy-MC
method. In this method, the edge of selected energy cut is randomly sampled taking
into account the uncertainty on detector response and the new efficiencies are com-
pared to the nominal values [215]. These errors are added in quadrature with the total
uncertainty in the neutrino prior probability distribution.
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Figure 5.20: Illustration of the best fit results in RoIgvc for summed Nth hits in Phase-I (top) and
Phase-II+III (bottom). The sum of cos α distributions of the first four hits in (a) and (c) show the di-
rect Cherenkov peak as well as the effect of ∆rdir parameter. The sum of cos α distributions from 5th

hit to Nth-hit(max) in (b) and (d) show the indirect effect of Cherenkov photons, ∆rdir parameter only
(Sec. 5.4). The CID data is shown in black points and the best fit distribution is shown in red. For com-
parison, the background PDF (blue), scaled to to the total number of events, is also shown.

PMT time correction: The systematic error on the PMT time correction in data should
be taken into account as the relative offset of the PMTs is known within a finite pre-
cision (Sec. 5.6.2). Therefore, the uncertainty of the PMT time correction, estimated
using 11C events, is propagated through the entire analysis chain. This is done by per-
forming CID analysis 1000 times where in each analysis, the time correction includes a
Gaussian smearing with the standard deviation of the time offset. By doing χ2 fit using
eq. 5.10 in each analysis, this results in the distribution of best fitted values of gvcch,
which is shown in Fig. 5.21a. The standard deviation of this distribution resulted in the
systematic uncertainty of 3.7% for Phase-I and 2.1% for Phase-II+III. For illustration,
the obtained 100 χ2 profiles are shown in Appendix C.

In order to incorporate this systematic effect in the final gvcch results, the ∆χ2 profile
as a function of gvcch averaged over 1000 fits is produced, which is shown in Fig. 5.21b
for Phase-II+III, and the final result of gvcch is obtained using this averaged ∆χ2 profile
for each period.

5.6.4 Systematic errors budget

Similar to Sec. 5.5.4, the systematic uncertainties for the CID analysis in RoICNO is also
associated to the extraction of total number of solar neutrinos and the conversion to
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Figure 5.21: (a) The distribution of gvcch for Phase-II+III, from 1000 fits after propagating the uncertainty
of the PMT time correction through the entire analysis chain. (b) The ∆χ2 profile as a function of gvcch
for Phase-II+III, including the uncertainty of the PMT time correction.
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Figure 5.22: The comparison of gvcch values obtained from the calibration γ-sources (= (0.108 ±
0.039) ns m−1 ) in Phase-I, with the results obtained by doing CID analysis in RoIgvc, which lies in 7Be-ν
shoulder region, in Phase-I ( = (0.140 ± 0.029) ns m−1) and Phase-II+III ( = (0.089 ± 0.019) ns m−1). The
blue band represents the 68% C.I on gvcch values, obtained from calibration γ-sources (Sec. 5.5.3). It can
be seen that the gvcch values, obtained using the CID analysis in RoIgvc in Phase-I and Phase-II+III, are
in agreement with the gvcch that is estimated using a 40K γ source.

CNO-ν rate after subtraction of the non-CNO solar neutrinos. The systematic uncer-
tainties associated to Nsolar−ν are as follows:

PMT time correction: As discussed in Sec. 5.6.2, the relative offset between the PMTs
is corrected in data using 11C events and has a finite precision. The uncertainty of
the PMT time correction is propagated through the entire analysis chain in order to
investigate the systematic differences in the final results, following the procedure dis-
cussed in Sec. 5.6.3. By performing 1000 χ2 fits, described in Sec. 5.4, this results in the
distribution of best fitted Nsolar−ν values, as shown in Fig. 5.23a and the standard devi-
ation of this distribution resulted in the systematic uncertainty of 4.2% for Phase-I and
2.4% for Phase-II+III. For illustration, the obtained 100 χ2 profiles are shown in Ap-
pendix C. In order to incorporate this systematic error in the final results on Nsolar−ν,
the ∆χ2 profile as a function of Nsolar−ν averaged over 1000 fits is produced, which is
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Figure 5.23: (a) The distribution of Nsolar−ν in Phase-II+III, after propagating the uncertainty of PMT
time correction through the entire analysis chain. (b) The ∆χ2 profile as a function of Nsolar−ν for Phase-
II+III, including the uncertainty of the PMT time correction.

shown in Fig. 5.23b for Phase-II+III and the final result of Nsolar−ν is obtained using
this averaged ∆χ2 profile.

MC production: As described in Sec. 3.2.5, the signal and background MC PDFs are
produced on an event-by-event basis. Since it is not known which data events corre-
sponds to the true neutrino events, this could result in an additional systematic uncer-
tainty for the production of the signal MC through the particular choice of the event
positions. This is estimated by producing the signal MC cos α distributions by ran-
domly selecting the expected number of signal events from data in each phase and
analyzing the data again with these cos α histograms. Due to the optimally large statis-
tics of events in Phase-II+III, the subsets of cos α histograms were similar in shape and
the systematic uncertainty is negligible for Phase-II+III. However, this effect is found
to have a contribution to the systematic uncertainty of 2.2% in the RoICNO of Phase-
I [220].

CNO-ν vs pep-ν spectral shape: Since the spectral shape of the CNO-ν and pep-ν
events are different in RoICNO, the Cherenkov to scintillation hits ratio is also different.
The expected Cherenkov to scintillation hits ratio for pep-ν events (0.475%) is found to
be higher than for CNO events (0.469%) in RoICNO from MC. Moreover, the angular
distribution of recoiled electrons by CNO-ν and pep-ν is also different due to its de-
pendence on the energy distributions of both the neutrino and the recoiled electron.
Since the final fit is performed with the pep-ν MC, the CID analysis is performed again
with the CNO-ν MC PDFs to estimate the systematic uncertainty of 2.2% for Phase-I
and 2.0% for Phase-II+III [215].

The systematic uncertainties associated to the extraction of CNO-ν rate, after the sub-
traction of non-CNO solar neutrinos from Nsolar−ν, is as follows:

Constraint on non-CNO neutrinos: The CID analysis is only sensitive to the mea-
surement of the total number of solar neutrinos Nsolar−ν. The contributions from dif-
ferent solar neutrino species can not be differentiated. Therefore, it is necessary to
subtract the non-CNO neutrinos in the RoICNO. The 8B solar neutrino is constrained
using the high precision flux measurement of Super-Kamiokande experiment and its
rate in Borexino corresponds to 0.42±0.002 cpd/100 t, which is much smaller than the
expected rates of other solar neutrinos [215]. In addition, the number of 7Be and pep
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Solar -ν Phase-I Phase-II+III

7Be [counts] 1.0 ± 0.1 (HZ) 10.0 ± 0.6 (HZ)

0.9 ± 0.1 (LZ) 9.0 ± 0.5 (LZ)

pep [counts] 406.0 ± 6.0 (HZ) 1513.0 ± 21.0 (HZ)

411.0 ± 6.0 (LZ) 1534.0 ± 20.0 (LZ)

8B [counts] 15.9 ± 0.3 59.0 ± 1.0

Table 5.4: Expected number of solar neutrinos in RoICNO in Borexino, which are used for the subtraction
of non-CNO solar neutrinos to obtain NCNO. The calculation used for 7Be and pep solar neutrinos rate
predictions in Borexino are taken from [221], that uses the flux predictions from the SSM B16-GS98 and
the SSM B16-AGSS09met models. The estimation of number of 8B solar neutrino events uses the high
precision flux measurement of Super-Kamiokande and its rate in Borexino corresponds to 0.42±0.002
cpd/100 t [215].

neutrinos are constrained by both SSM B16-GS98 (HZ) and the SSM B16-AGSS09met
(LZ) predictions taking into account their theoretical errors, as listed in Table 5.4. It can
be seen that the contribution of 7Be-ν is practically negligible and the pep neutrino rate
is constrained with about 1.4% precision.

Source of uncertainty Phase-I Phase-II+III

For Nν

PMT time corrections 4.2% 2.4%

Low number of signal events 2.2% –

CNO-ν vs. pep-ν MC 2.2% 2.0%

For NCNO

Non CNO-ν constraint 4.6% 1.8%

For RCNO

Fiducial mass
(

+0.2
−1.2

)

%
(

+0.2
−1.2

)

%

Fraction of CNO-ν in RoI 1.4% 1.4%

Table 5.5: Systematic uncertainties, relevant in RoICNO, on the number of solar neutrino events Nsolar−ν

in RoICNO, relative to the best fit value. The uncertainty from non CNO-ν rate constraint is relevant only
for NCNO. The last two rows are relevant only for the CNO-ν rate (RCNO) calculation.

Exposure: Since the expected number of non-CNO neutrino events are constrained
in the analysis, which are converted from the rate using exposure, the systematic un-
certainties associated to exposure should be taken into account. The determination of
systematic uncertainty associated to the fiducial mass and the fraction of solar neutri-
nos in RoICNO is based on the toy-MC studies, already described for RoIgvc in Sec. 5.6.3.

The error related to fiducial mass is evaluated to be
(

+0.2
−1.2

)

for all phases and the error

related to energy efficiency is evaluated to be 1.4% for all phases [215]. The error of
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Figure 5.24: Effect on the shape of cos α distribution in the presence of the external γ background events.
These distributions are simulated using a toy MC approach, where only the geometrical conditions
of the detector such as the observed Sun’s position relative to the Borexino detector’s coordinates in
Phase-II+III, generated event positions, and the distribution of PMTs inside the detector is taken into
account. The distribution of ideal conditions is shown in red, where uniformly distributed events in
a spherical volume and uniform PMTs with 100% detector coverage are simulated. The distribution
for non-uniform events, which is sampled from the Phase-II+III data distribution with Ngeonorm

h >750, is
shown in black. Here, the two distributions almost overlap each other. Each distribution is normalized
to the Phase-II+III data statistics.

0.02% associated to TFC application in RoICNO is also taken into account.

The sources, that contribute negligible systematic error on the final result, are as fol-
lows:

Non-uniform backgrounds: As we have seen in Chapter 4, the external γ back-
ground events are not present uniformly inside the detector. They have an exponential
radial dependence, so their cos α distributions, which are not simulated in MC, can
contribute as a systematic source. Using the toy MC described in Sec. 5.5.4, it has been
discussed that the non-uniform position of events can also cause the deviation of the
shape of cos α distribution from its ideal flat shape. Here, using the same method, the
comparison is done between the cos α distributions of uniform and non-uniformly dis-
tributed toy events. The spatial distribution of toy events is based on the data events
selected in fiducial volumes (Sec. 5.6.1) and energy with Ngeonorm

h >750 (see Fig. 4.7a),
where contribution from the external γ background events is maximal. The compar-
ison of cos α distributions, produced for ∼109 statistics and is normalized to the data
statistics, is shown in Fig. 5.24. It can be seen that the difference in the shape of the
distribution in the two cases is negligible within the statistics of data. The same con-
clusion has been made when the two distributions with data statistics are simulated
and are compared.

Binning, Nth hit cut, and PMT selection: As discussed in Sec. 5.6.2, the selection of
binning and Nth hit cut can result in possible systematic differences in the final results,
as there is a possible range of equally valid values from MC studies to use in the CID
analysis. For this purpose, a toy MC method is used where the pseudo-datasets, with
randomly selected nuisance parameters and the number of physically allowed solar
neutrino events, are created. Firstly, these datasets are constructed with the default
values of binning and Nth hit cut. Then, they are fitted in the same way as the data.
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If the best fit values of toy analyses are same as in data results taking into account the
systematic error of PMT time offset correction, the 1000 fits are performed again for
each varying values of binning and Nth hit cut of the same sampled dataset. Then,
the resulting distributions of the number of solar neutrinos for each varied binning or
Nth hit cut are used to statistically compare the data results obtained using default and
varied selection values. Similar strategy has also been adopted for studying systematic
effects of PMT selection, which is performed by analyzing overall hit time properties
of the data PMTs using an enriched sample of 11C events as well as using the relative
contribution to the early hits in data and MC (Sec. 5.6.2). For this, the pseudo-datasets
and PDFs with events corresponding to different PMT selections, including the default
one, are built. By performing the fit with default selection of PMTs and saving toy fit
results as in data, the 1000 fits are performed again for each varied PMT selection on
the same events. Then, the resulting distributions of the number of solar neutrinos for
varied PMT selection are used to statistically compare the data results from default and
varied selections. It has been observed that the difference in the data results obtained
in varied selection of binning, Nth hit cut, and PMTs, with respect to the ones obtained
with nominal values, are statistically likely to occur. Thus, the default selected bin-
ning, Nth hit cut, and PMTs can be used without having any systematic effects in the
final results [215]. In addition, the statistically incompatible number of 1st hits is also
investigated between data and MC PMTs [220]. It has been found that for only a few
PMTs (∼5-8 for all phases) in data, 1st hits are not in statistical agreement and its effect
on the final results has been found to be negligible as compared to the statistical and
other systematic errors.

Strategy for injection of systematics

As already mentioned before, the error associated to the relative PMT hit time cor-
rection is included in the analysis, using the averaged ∆χ2 profile over multiple fits,
where each profile is obtained by modifying the time correction of PMTs with Gaus-
sian smearing. In order to inject other non-negligible systematics, the probability dis-
tribution of Nsolar−ν, NCNO, or CNO-ν rate obtained in Sec. 5.6.5, is convoluted with the
systematic uncertainties, where all the contributing errors are added in quadrature.

The subtraction of the number of pep, 7Be, and 8B neutrino events from the Nsolar−ν

is done through the convolution of the Nsolar−ν probability distribution with the pre-
dicted P(Npep+8B+7Be) probability distribution, as expressed in eq. 5.12:

P(NCNO) = P(Nsolar−ν) ∗ P(−Npep+8B+7Be). (5.12)

The P(Npep+8B+7Be) probability distribution is a Gaussian distribution, with mean cor-
responding to the SSM predicted number of pep-ν and 7Be-ν and the estimated 8B neu-
trino counts in Borexino using Super-Kamiokande measurement, as discussed before.
The standard deviation is the theoretical and statistical errors on the expected number
of pep, 7Be, and 8B neutrino events, summed in quadrature. The result of convolu-
tion is the probability distribution on CNO neutrino events P(NCNO), which is used to
obtain the final CNO-ν rate measurement.

5.6.5 CNO measurement with CID

Now, the results on the measurement of CNO solar neutrinos with CID, using the
full Borexino live time from May 2007 to October 2021, is obtained. The gvcch val-
ues, presented in Sec. 5.6.3, are used as independent pull terms in the eq. 5.2 for the
fit in RoICNO of the respective phases. Using the fit strategy discussed in Sec. 5.4, the
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Figure 5.25: Illustration of the best fit results in the RoICNO for summed Nth hits in Phase-I (top) and
Phase-II+III (bottom). The sum of cos α distributions of the first four hits in (a) and (c) show the direct
Cherenkov peak as well as the effect of ∆rdir parameter. The sum of cos α distributions from 5th hit to
Nth-hit(max) in (b) and (d) show the indirect effect of Cherenkov photons, ∆rdir parameter only (Sec. 5.4).
The CID data is shown in black points and the best fit distribution is shown in red. For comparison, the
background PDF (blue), scaled to to the total number of events, is also shown.

best fit values obtained for the number of solar neutrinos in RoICNO are Nsolar−ν =
691+235

−224 (stat) for Phase-I and Nsolar−ν = 2828+518
−494 (stat) for Phase-II+III, without the in-

clusion of any systematic uncertainties or corrections. The fits are good with χ2/ndf =
884.8/897, p-value = 0.61 for Phase-I and χ2/ndf = 1000.7/1017, p-value = 0.64 for
Phase-II+III. The MC model is able to reproduce the data cos α distribution, which has
also been investigated for the individual Nth-hits cos α histograms.

To show that the early hits have the Cherenkov peak and the later hits show the
impact of ∆rdir, the sum of the early first to fourth Nth-hits and the sum of the later
Nth-hits from the fifth hit to Nth-hit(max), are illustrated in Fig. 5.25 for Phase-I (top)
and Phase-II+III (bottom). The illustrations of the best fit results for some individual
hits in Phase-I and Phase-II+III are shown in Appendix B.

Fit response bias correction

A toy MC analysis is performed to investigate the bias in the fit response of the strategy
used in the CID analysis, where gvcch and ∆rdir are treated as nuisance parameters in
the fit. It has been found that the number of solar neutrinos in RoICNO show a small
systematic shift between the injected number of neutrinos and their corresponding best
fit values, in the case of a small signal ratio as well as the small data event statistics.
This fit response bias is induced by two nuisance parameters (gvcch, ∆rdir) because
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they only impact the shape of the neutrino signal MC cos α distribution, but not that
of the background. In the case of low event statistics, the purely statistical fluctuations
of the data cos α distribution can be better accommodated with the change in shape of
neutrino signal MC cos α distribution by nuisance parameters, which in turn influences
the best fit value of the number of neutrino events. This results in the observed fit
response bias. This effect has been found to be present in RoICNO. However, it is
negligible in RoIgvc, due to large event statistics and a good signal to total ratio in
RoIgvc [215]. This means that in RoICNO, the direct likelihood profile interpretation
from CID analysis is not optimal for obtaining final results.

A Bayesian approach has been utilised to unfold for fit response bias [222] and es-
timate the correct intervals on the final results. The Bayes theorem can be written
as [223]:

P(θ|x) ∝ L(x|θ) · π(θ), (5.13)

where θ represents all associated parameters of the model and x represents the avail-
able data. L(x|θ) is the likelihood for the data given θ, which can be obtained by com-
paring the data with model whose parameters are given by θ. Here, π(θ) represent the
prior distributions of θ, representing one’s degree of belief for θ before performing the
measurement. P(θ|x) is the posterior probability distributions of parameters θ given
data x, which represents the degree of belief that θ is true given the data. In Bayesian
approach, the statistical inference is based on the posterior probability distribution.

Here, the Bayesian posterior distribution of Nsolar−ν is built using a MC acceptance-
rejection sampling method [215, 222, 223]. The Bayesian approach has some advan-
tages, which involve easier physical interpretation of the results and the treatment of
physical limits such as Nsolar−ν can not be negative. Here, the treatment of nuisance
parameters by using them as prior distributions over all possible range of values and
the inclusion of systematic errors as well as subtraction of non-CNO solar neutrinos
are also straightforward. In this method, the pseudo-data inputs are created from the
MC signal for the injected parameters Nsim

solar−ν, gvcsim
ch , and ∆rsim

dir , and the background
cos α distributions. These parameters are sampled from their prior distributions. The
prior distribution for the Nsolar−ν is chosen to be uniform within allowed physical lim-
its, i.e, between zero and the total number of selected data events (see Table 5.2), the
prior distribution of ∆rdir is also uniform between 0.0 and 6.0 cm, and the prior distri-
bution of gvcch is given by the measurement in RoIgvc. Due to limited computational
resources, the MC signal cos α distributions for the injected parameter are created using
the interpolation method [215].

Then, the fit is performed in the same way as for the real data, and this results in
the best fit values, given by

(

Nfit
solar−ν, gvcfit

ch, ∆rfit
dir

)

. A multivariate Gaussian probabil-
ity distribution is defined, which is given by Paccept(Nsolar−ν, gvcch, ∆rdir), with mean
value at the best fit values from the real data and a standard deviation from the sys-
tematic uncertainty of the PMT time corrections, as it has been propagated through the

whole analysis chain. A distribution using the injected values of
(

Nsim
solar−ν, gvcsim

ch , ∆rsim
dir

)

is built from 20k pseudo-experiments. In the resulting distribution, each injected value
of the fit parameters is saved with a probability of Paccept(Nfit

solar−ν, gvcfit
ch, ∆rfit

dir), given
by the best fit result of the pseudo-data. This is done for the values of best fit pa-
rameters which are compatible with the data result, otherwise they are rejected. The
resulting distributions of the true values for

(

Nsolar−ν, gvcch, ∆rdir
)

then correspond to
their Bayesian posterior distributions. The resulting distribution is then marginalized
over nuisance parameters to obtain the posterior probability distribution as a function
of Nsolar−ν.
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Figure 5.26: Correction of the fit response bias for Phase II+III in the RoICNO. The posterior distribution
of 20k pseudo-data analyses, selected through the toy MC rejection sampling, is shown in black. The
data fit result, i.e. the likelihood P(Nsolar−ν) given by the ∆χ2 profile of eq. 5.2 and averaged over 1000
fits with different PMT time offsets is shown in violet. The blue distribution corresponds to the posterior
distribution that includes only the systematics from the PMT time alignment correction.

The fit response bias is illustrated in Fig. 5.26 for Phase II+III. The likelihood distri-

bution P(Nsolar−ν) ∝ exp
(

− 1
2 ∆χ2(Nsolar−ν)

)

given by the χ2 fit of data with eq. 5.2 and

averaged over the 1000 fits with different PMT time offsets is shown in pink. The black
distribution is given by the simulation of 20k pseudo-data analyses, selected through
the rejection sampling MC described above. The blue distribution is the resulting pos-
terior distribution after bias correction. The blue distribution is produced by shifting
P(Nsolar−ν) by a value, so that it is in agreement with the black rejection sampled dis-
tribution, as the black sampled distribution could be produced for a finite number of
simulations. It can be seen from the Fig. 5.26 that the overall shape of blue distribution,
produced after the shift, is in agreement with the black distribution. For Phase-I, the
shift is found to be −50 ± 4 events and for Phase-II+III, the shift is −109 ± 4 events.

Final results on CNO with CID

The posterior distribution of Nsolar−ν is then convoluted with the systematic uncer-
tainties described in Sec. 5.6.4. The posterior distributions P (Nsolar−ν) in Phase-I and
Phase-II+III, including all systematics and the fit response bias correction, are shown
in Fig. 5.27a. The resulting number of solar neutrinos detected in the RoICNO is:

Nsolar−ν = 643+235
−224 (stat)+37

−30 (sys) for Phase-I;

Nsolar−ν = 2719+518
−494(stat)+85

−83(sys) for Phase-II+III.

These results include all systematics relevant for Nsolar−ν and the fit response bias cor-
rection. The quoted central values and systematic uncertainties are based on the pos-
terior distributions using an 68% equal-tailed credible interval (CI) before and after
convolution. In equal-tailed CI, the median of the posterior distribution is quoted
as the central value and the left and right extremes with ∼16% and ∼84% proba-
bilities contribute to the errors. The one-sided zero neutrino hypothesis can be ex-
cluded with probabilities: P(Nsolar−ν = 0) = 2.8 × 10−5 (∼ 4.2σ) for Phase-I, and
P(Nsolar−ν = 0) = 6.4 × 10−11 (∼ 6.5σ) for Phase-II+III.
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Figure 5.27: (a) The CID measured posterior probability distributions for the number of solar neutrinos
Nsolar−ν in the RoICNO for Phase-I (red) and Phase-II+III (blue). All systematic effects are included.
(b) The CID measured posterior probability for the number of CNO-ν events NCNO in the RoICNO, after
constraining pep and 8B neutrinos for Phase-I (red) and Phase-II+III (blue). All systematic effects are
included.

The resulting number of solar neutrino events Nsolar−ν in the RoICNO is converted
into the number of CNO neutrinos detected in the same energy region, after constrain-
ing the contributions from non-CNO solar neutrinos, as discussed in Sec. 5.6.4, with-
out any prior knowledge of the backgrounds. The CID measurement for the number
of CNO-ν events are:

NCNO = 270+218
−169 (stat)+33

−25 (sys) for Phase-I;

NCNO = 1146+518
−486 (stat)+92

−89 (sys) for Phase-II+III,

where the uncertainties correspond to equal-tail 68% C.I. within the physical bound-
aries, including all systematics. The posterior distributions P (NCNO) in Phase-I and
Phase-II+III, including all systematics, are shown in Fig. 5.27b. The probability, that
exactly zero CNO-ν events contribute to the measured data CID cos α distribution, is
P(NCNO = 0) = 1.35 × 10−3 for Phase-I and P(NCNO = 0) = 5.87 × 10−5 for Phase-
II+III. It has been observed that Phase-I and Phase-II+III do not show different behav-
ior for the full CID analysis chain and therefore, the independent results of Phase-I and
Phase-II+III can be combined through the convolution of both posterior distributions :

P (NCNO)
I+II+III = P (NCNO)

I ∗ P (NCNO)
II+III . (5.14)

For the combined phases, the probability that exactly zero CNO-ν events contribute to
the measured data cos α distribution is P(NCNO = 0) = 7.93×10−8. This corresponds
to the exclusion of the zero-CNO hypothesis at about 5.3σ credible interval for the
combined Phase-I and Phase-II+III. The estimated number of CNO solar neutrinos is:

NCNO = 1436+560
−525 (stat + sys) for Phase-I+II+III,

where the uncertainties correspond to equal-tail 68% C.I. within the physical bound-
aries, including all systematics. The CNO-ν rate probability density function, shown
in Fig. 5.28, is calculated from the measured posterior distribution of CNO-ν events by
using exposure in the respective phases. The final CID result for the CNO-ν rate, using
the full dataset of Phase-I + Phase-II+III, is:
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Figure 5.28: The combined CID Phase-I + Phase-II+III CNO-ν rate posterior distribution is shown in
black. The blue, violet, and grey bands show the 68% CI, for the low-metallicity SSM B16-AGSS09met
((3.52 ± 0.52) cpd/100 t), the high-metallicity SSM B16-GS98 ((4.92 ± 0.78) cpd/100 t) predictions, and
the combined CID result in Borexino, respectively. All systematic effects are included. From [6].

RCID
CNO = 7.2 ± 2.5 (stat)± 0.4 (sys) +1.1

−0.8 (nuisance) cpd/100 t,

= 7.2+2.8
−2.7 (stat + sys) cpd/100 t,

where the uncertainties correspond to equal-tail 68% C.I. and include all systematics.
The quoted statistical uncertainty corresponds to a hypothetical, perfect calibration of
these CID nuisance parameters. These CID results are well in agreement with both
the HZ-SSM prediction of (4.92 ± 0.78) cpd/100 t (0.6 σ) and the LZ-SSM prediction
(3.52 ± 0.52) cpd/100 t (1.1 σ).

5.6.6 Combined CID and multivariate fit

The result from the CID analysis is now combined with the multivariate fit on Phase-III
(Chapter 4), by including the posterior distributions of solar neutrinos from the CID
analysis, shown in Fig. 5.27a after statistical subtraction of the subdominant 8B neutri-
nos. The CID neutrino posterior distributions are included as the external likelihood
terms in the multivariate likelihood minimization procedure [218]. These distributions
correspond to two pull terms, which constrain the number of CNO and pep neutrino
events: the first one is related to the Phase-I (LP−I

CID), while the second one refers to
Phase-II+III datasets (LP−II+III

CID ). The overall combined likelihood is as follows:

LMV+CID = LMV · Lpep · L210Bi · LP−I
CID · LP−II+III

CID , (5.15)

where the first three terms correspond to TFC subtracted/tagged energy and radial
distributions (Sec. 4.4.4), the constraint on pep solar neutrino Lpep (Sec. 4.4.1), and 210Bi
constraint L210Bi (Sec. 4.4.2), respectively. Here, an improved approach is used that cou-
ples the one-dimensional Poisson likelihood for the TFC-Tagged dataset with a two-
dimensional one (energy and radius) for the TFC-subtracted, to enhance the separation
between signal and backgrounds. The energy range of the fit is 0.32 MeV − 2.64 MeV
and all species are free to vary in the fit, except 8B solar neutrino which is fixed accord-
ing to HZ-SSM expectations.

The multivariate fit has a p-value of 0.2, showing the agreement between the model
and data. The negative log-likelihood profile as a function of the CNO rate is shown in
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Figure 5.29: The negative log-likelihood (−2∆ lnL) profile as a function of CNO-ν rate, obtained from
the spectral fit combined with the CID analysis constraint, with and without convolution with the sys-
tematic uncertainties (black dashed and solid lines respectively). The grey dash-dotted line shows the
same profile obtained in Chapter 4. The blue, violet, and gray bands show 68% confidence intervals (CI)
for the low-metallicity SSM B16-AGSS09met (3.52 ± 0.52 cpd/100 t) and the high-metallicity SSM B16-
GS98 (4.92 ± 0.78 cpd/100 t) predictions, and the new Borexino result including systematic uncertainty,
respectively [6, 218].

Fig. 5.29. The solid and dashed black lines show the results from combined CID and
spectral fit with and without systematic uncertainty, respectively. The result, with-
out CID constraint from Chapter 4, is included as grey dash-dotted line. The CNO
interaction rate is extracted from the 68% quantile of the likelihood profile convo-
luted with the systematic uncertainties described in Sec. 4.4.6, as RMV+CID(CNO) =
6.7+1.2

−0.8 cpd/100 t. The no-CNO hypothesis is excluded with about 8σ significance, and
the resulting CNO flux at Earth is Φ(CNO) = 6.7+1.2

−0.8 × 108 cm−2 s−1.
Using the same procedure as in Sec. 4.4.7, the abundance of C + N with respect

to H in the Sun, NCN = 5.81+1.22
−0.94 × 10−4. This error includes both the statistical un-

certainty due to the CNO measurement and the systematic errors (Sec. 4.4.7). Similar
to the previous results, this result is in agreement with the high-metallicity compila-
tions (MB22 [141] and GS98), while featuring a ∼2σ tension with low-metallicity ones
(AGSS09met, C11 [139] and AAG21 [140]) [6].

5.7 Summary

In summary, this chapter has introduced a novel technique called Correlated and Inte-
grated Directionality (CID) method, that is used to not only provide the first ever di-
rectional measurement of sub-MeV solar neutrinos in liquid scintillator detectors with
Borexino experiment, but also the CNO-ν measurement has been performed using this
technique. In this method, the event by event directional reconstruction is not possi-
ble as the scintillation photons are dominant. In CID, the early photon hits in time of
each selected event are correlated to the well-known solar position using the hit-PMT
position and the reconstructed event position. This produces an angular distribution,
which is used to statistically infer the number of solar neutrinos in a region of interest.

The first directional measurement of sub-MeV solar neutrino is performed in an en-
ergy window of ∼(0.5-0.8) MeV, that lies around the 7Be-ν shoulder. For the Phase-
I of Borexino experiment, where the calibration of effective group velocity correc-
tion for Cherenkov photons is possible using γ-sources, the proof of concept of this
method is provided. Here, the null hypothesis of no solar neutrinos in the region of
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interest, by fitting CID distributions of the first 2 hits, is excluded with >5σ signifi-
cance by purely using their directionality. The inferred total number of solar neutrino
(7Be+pep+CNO) events using CID is 10887+2386

−2103(stat.)± 947(syst.). The expected value
using SSM predictions is 10187+541

−1127 events, where the uncertainty includes the dif-
ference between low-metallicity SSM B16-AGSS09met and high-metallicity SSM B16-
GS98 models. Thus, the CID measurement is well in agreement with the SSMs. The
result on the 7Be interaction rate, after fixing the contributions of the CNO and pep so-
lar neutrinos from the SSM predictions and including the systematic uncertainties is
51.6+13.9

−12.5 (stat. + syst.) cpd/100t. In addition, the test regarding the background-only
hypothesis on the summed data of all the three Borexino Phases is also performed. The
background-only hypothesis is found to be incompatible with the data with a signifi-
cance of >5σ. In addition, a detection of solar neutrinos is performed only using their
directionality, without any Cherenkov calibration. I contributed to this analysis by op-
timising the number of bins of the cos α distributions used in the fit and by developing
a toy simulation method that has been used to investigate the systematic effects con-
cerning background events’ simulation. I also worked towards the preparation of the
publications [4, 5].

As said, CID technique is also applied to the CNO-ν analysis in an energy region of
about (0.85 - 1.3) MeV. Here, the evidence of CNO solar neutrinos is extracted using the
entire Borexino dataset, thanks to the calibration of effective group velocity correction
for Cherenkov photons using 7Be solar neutrinos. The calibration is performed using
CID analysis on 7Be-ν edge region, where the number of solar neutrinos is treated as a
nuisance pull term in the fit. Then, using the calibration results on the group velocity
correction for Cherenkov photons, the number of solar neutrino events in the CNO
energy region is obtained by fitting the CID angular distributions of the selected first
several hits. Using a Bayesian posterior distribution and constraining non-CNO solar
neutrinos, the exclusion of the zero-CNO hypothesis is provided at about 5.3σ cred-
ible interval for all combined phases. The final CID result for the CNO-ν rate, using
the full dataset of Borexino is 7.2+2.8

−2.7 cpd/100 t. This method has provided an alter-
native approach with respect to the standard multivariate analysis (Chapter 4) as well
as provided the measurement of CNO neutrinos without the help of 210Bi constraint.
My contribution to this analysis comprises the optimisation of the fit inputs, estima-
tion of the expected number of neutrino events and performing analysis for the cali-
bration of group velocity of Cherenkov photons in the 7Be-ν edge region, evaluation
of the systematic uncertainties, performing final CID fits as well as analysis checks,
and co-writing the publication [6]. By combining the CID results with the standard
multivariate fit performed on Phase-III data, the improved measurement of the CNO
neutrino rate in Borexino is also obtained. Using the combined approach, the CNO
interaction rate is 6.7+1.2

−0.8 cpd/100 t and the significance against the absence of a CNO
signal is about 8σ. The determination of C+N abundance using this result, is found to
be compatible with SSM B16-GS98 metallicity measurements.

These results have not only shown the proof of principle for the CID method but also
demonstrated a combined solar neutrino analysis approach using CID and the multi-
variate spectral fit, discussed in Chapter 4. The future liquid scintillator experiment
such as JUNO, can be benefited using CID without any need of specialised hardware
or LS mixtures. The sensitivity of CID could be improved by performing a dedicated
e− Cherenkov calibration, in order to reduce the major uncertainties arising from the
position reconstruction bias and the Cherenkov group velocity correction.
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Part III

The JUNO Experiment
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Chapter 6

Introduction to JUNO Experiment

The Jiangmen Underground Neutrino Observatory (JUNO) [100] is a next generation
neutrino experiment, which is under construction in Southern China and is expected
to complete its construction at the end of 2024. This chapter provides a comprehensive
overview of the JUNO experiment as well as summarizes its various physics goals. Sec-
tion 6.1 first describes the experimental site and the structure of the detector. This sec-
tion also summarizes the goals and structure of the two satellite detectors, OSIRIS and
TAO. Moreover, the future calibration programs and the expected radiopurity level of
the detector are also discussed. The dedicated Monte Carlo software framework used
in all JUNO analyses and the various stages of simulation are described in Sec. 6.2.
Section 6.3 reports the main physics goal, the determination of the neutrino mass or-
dering, of JUNO as well as its capability for extended physics programs, including
solar neutrinos, geoneutrinos, supernova neutrinos, etc.

6.1 JUNO detector

The Jiangmen Underground Neutrino Observatory (JUNO) [100] is a multi-kiloton
liquid scintillator detector under construction in an underground laboratory with a
vertical overburden of ≈ 650 m (≈ 1800 m water equivalent) in Jinji town in Guang-
dong province in Southern China. The geographic location of the JUNO experiment
is 112

◦
31’05" E and 22

◦
07’05" N. The JUNO detector is located at a distance of 52.5 km

from both the Yangjiang and the Taishan nuclear power plants (NPPs). This baseline is
optimized to have the best sensitivity for the JUNO’s primary goal, i.e., the determina-
tion of the neutrino mass ordering (NMO) using reactor antineutrinos. The Yangjiang
NPP has six reactor cores, where the thermal power of each core is 2.9 GWth. The Tais-
han NPP has two cores in operation, each with 4.6 GWth thermal power. The total
thermal power of both NPPs is 26.6 GWth. The reactors are commercial light-water re-
actors, where the fissions of the four isotopes in fuel, 235U, 238U, 239Pu, and 241Pu, occur.
Other than Daya Bay nuclear complex, located at 215 km distance from the JUNO de-
tector and whose cores only contribute about 6.4% of the reactor antineutrino events,
there is no other or planned NPP within a radius of 500 km around the JUNO’s ex-
perimental site. To achieve its main goal, JUNO requires a large target mass and an
excellent energy resolution, which offer further opportunities for a variety of topics in
the areas of neutrino and astroparticle physics (Sec. 6.3).

A schematic sketch of the JUNO detector’s design is shown in Fig. 6.1. It consists
of a Central Detector (CD) [224], containing 20 kt of liquid scintillator mixture in a
spherical acrylic vessel with a diameter of 35.4 m and a thickness of 120 mm. This
huge volume makes JUNO the largest liquid scintillator (LS) detector ever built. The
liquid scintillator mixture is composed of linear alkylbenzene (LAB) as the detection
medium, 2.5 g/L of 2,5-diphenyloxazole (PPO) as the scintillation fluor, and 3 mg/L
of p-bis-(o-methylstyryl)-benzene (bis-MSB as a wavelength shifter. This recipe has
been optimized in dedicated studies with a Daya Bay detector [225]. JUNO’s LS will
be purified before filling to improve its radiopurity levels and transparency. The light
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Figure 6.1: Schematic sketch of the main JUNO detector. From [7].

yield of JUNO LS is high, with about 10,000 photons per MeV. Combining this with
all the detector parameters, the predicted overall yield is about 1600 photoelectrons
per MeV [226]. The light attenuation length is greater than 20 m at 430 nm in order to
make up for the huge CD dimensions, and the LS density is 0.856 g/cm3. Before filling,
the liquid scintillator of JUNO will be purified using distillation, water extraction, and
stripping plants to improve its radiopurity.

The acrylic vessel is supported by a spherical stainless steel (SS) structure via 590
connecting bars. The scintillation light emitted due to energy depositions in the liquid
scintillator is detected by 17,612 20-inch PMTs, or the so-called Large PMTs (LPMTs),
and 25,600 3-inch PMTs, or the so-called Small PMTs (SPMTs). There are two types
of LPMTs based on the manufacturing companies: Northern Night Vision Technology
Co. (NNVT) and Hamamatsu. The 5000 PMTs correspond to Hamamatsu or dynode
PMTs, and the remaining 12,612 PMTs are the NNVT PMTs or the Microchannel Plate
(MCP) PMTs. The PMTs are mounted on the SS structure facing the acrylic sphere. This
provides a large photo coverage (75.2% for 20-inch PMTs and 2.7% for 3-inch PMTs),
which is necessary to collect a large number of photoelectrons per unit of deposited
energy. These unique features of JUNO lead to an unprecedented energy resolution
for a liquid scintillator detector of ≈ 3%

√

E(MeV), at the price of a large dark noise
rate of about 30 kBq. The dark counts are typically caused by thermionic emission of
electrons in the photo cathode or dynode of the PMT. The space between SS and the
acrylic vessel is filled with water and serves as a buffer volume.

The CD is placed inside a cylindrical water pool (WP) with a diameter of 43.5 m
and a height of 44.0 m, filled with 35 kt of ultra-pure water. The WP shields the CD
against external fast neutrons and gammas. It also acts as a Cherenkov veto for cosmic
muons, with a flux of about 0.004 m−2s−1 and a mean energy of 207 GeV. The muons
passing through water produce Cherenkov light, which are detected by 2,400 20-inch
PMTs installed on the outer surface of the SS structure. The SS structure has an inner
diameter of 40.1 m with 30 pairs of legs attached to the floor of WP. The WP walls and
the SS support structure are coated with Tyvek reflective foil to increase light collection
efficiency. On the top of the WP, a Top Tracker (TT) is placed to precisely measure the
tracks of a sub-sample of the crossing muons. It consists of a plastic scintillator array,
formerly used in the Target Tracker of the OPERA experiment [227].

The analog signal from each PMT is fed to front-end electronics, where it is am-
plified and converted to digital signal with a 12 bit and 1 GS/s custom FADC. After
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Figure 6.2: Schematic layout of OSIRIS (left) and TAO (right) detectors. From Refs. [228] and [66],
respectively.

further processing of digitized PMT waveform and the trigger validation, the PMT
data is saved to data acquisition (DAQ) system. Due to the enormous size of JUNO,
it is expected that about 40 GB/s triggered waveform data will be read out by DAQ
from all PMTs in the CD and WP, which could lead to a storage challenge. Therefore,
an Online Event Classification (OEC) algorithm will be used to reduce the data rate by
processing waveform data such that only relevant information of the relevant events
is recorded. The working condition of the detector will also be monitored in real-time.
All raw data will be recorded with a rate of about 2 PB per year to the IHEP data cen-
ter resources, which will be replicated at other sites to perform analysis by the entire
JUNO collaboration.

Sub-detectors: OSIRIS and TAO

The JUNO experiment consists of two additional detectors: the Online Scintillator In-
ternal Radioactivity Investigation System (OSIRIS) [228] and the Taishan Antineutrino
Observatory (TAO) [66]. Figure 6.2 shows the schematic diagrams of OSIRIS (left) and
TAO (right).

The OSIRIS detector will monitor the JUNO LS radiopurity during the filling of
the JUNO CD and provide confirmation of the proper operation of the purification
plants. This detector contains 18 t of LS in a cylindrical acrylic vessel with a height and
diameter of 3 m. The acrylic vessel is mounted inside a steel tank with a height and
diameter of 9 m to shield against external radiation. The scintillation light is collected
by 64 20-inch PMTs mounted to a stainless steel frame surrounding the acrylic vessel
at a distance of 1.3 m facing towards the vessel. About 12 20-inch PMTs are directed
outwards and act as a muon veto detector. These inner and outer PMTs are optically
separated by a PET foil installed on the stainless-steel frame. The expected light yield is
about 275 photoelectrons at 1 MeV, which corresponds to an energy resolution of about
6% at 1 MeV for the inner detector. It has been optimized to screen LS to the purity
levels of U/Th decay chains within days for a contamination level of 10−15g/g and 2-3
weeks for 10−16g/g. It can also provide limits on other intrinsic backgrounds [228].
The construction of OSIRIS has been completed and currently, the calibration data is
being taken and understanding of backgrounds is ongoing [229].

TAO is a satellite experiment that will be placed at about 44 m distance from one
of the two cores of Taishan NPP, while the distance is about 217 m from the other
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core [230]. The goal of this detector is to measure the reactor antineutrino spectrum
with a sub-percent energy resolution. This will provide a reference spectrum for JUNO
in order to eliminate the model dependence in NMO analysis and benchmark measure-
ments to test nuclear databases. It consists of CD with a spherical acrylic vessel of 1.8 m
in inner diameter holding 2.8 ton of Gadolinium-doped LS (GdLS). The acrylic vessel
will be surrounded by a spherical copper shell with a diameter of 1.884 m and will
support about 4000 silicon PMTs (SiPM) providing almost full coverage. The detector
operates at -50

◦
C to lower the dark noise of SiPM to an acceptable level. The expected

energy resolution is better than 2% at 1 MeV. The CD is surrounded by water tanks
equipped with 3-inch PMTs to veto cosmic muons. The TAO detector will be covered
on top by layers of High Density Polyethylene (HDPE) to provide a shield against ex-
ternal radioactivity. The HDPE shielding is covered by a plastic scintillator layer on
top for tagging cosmic muons [66].

Calibration

Multiple calibration systems based on different calibration sources have been designed
and developed to calibrate the detector and to understand the non-uniformity and
non-linearity of its response with better than 1% precision [231]. A laser source will
be deployed to calibrate PMT timing response. Various radioactive γ sources ranging
from about 662 keV to a few MeV and neutron sources to calibrate energy response are
considered from the point of view of JUNO’s main goal. There are three calibration
systems: Automatic Calibration Unit (ACU), Guide Tube system (GT), and Cable Loop
System (CLS), that will be used in JUNO in order to place a source along the central
axis of the CD, on a circle at the LS-acrylic boundary, and in the region in between on an
vertical plane, respectively. A Remotely Operated under-LS Vehicle (ROV) can be de-
ployed inside the LS for a full volume scan if desired. The calibration operation will be
carried out through an acrylic chimney, which connects the CD to the outside from the
top. The calibration program is foreseen in three frequency categories: comprehensive
calibration, where all the sources will be deployed at the start of the experiment and
then, a few times throughout the JUNO lifetime, the weekly calibrations using neutron
and laser sources to track changes in the detector properties, and a monthly calibration
to perform calibration in a limited number of positions using both laser and neutron
sources. The calibration sources such as 226Ra, 241Am, and 222Rn, covering energy
range below 662 keV useful for the solar neutrino analysis, are being studied [232,233].

Radiopurity levels

In order to reach its ambitious physics goals, the contamination levels of backgrounds
in the scintillator and all detector components should be kept at very low levels in
JUNO. The background levels are especially crucial for the solar neutrino analysis,
where neutrino elastic scattering events are indistinguishable on an event-by-event
basis from the background ones, which will be discussed in Chapter 7. This is in
contrast to the IBD channel used for NMO analysis, where a space-time coincidence
technique using prompt-delayed signal can be applied to identify the signal and there-
fore, a lower limit on the radioactive background level for the solar neutrino analysis,
compared to the NMO analysis, is typically required.

Dedicated efforts are being made to keep the radiopurity levels of JUNO high,
which is necessary for all physics programs of JUNO. This includes selection of the
radiopure materials, transportation of LAB in cleaned tanks and its storage, as well
as development of a combined system of LS purification plants and monitoring using
OSIRIS. The production, storage and construction protocols of all JUNO materials are
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carefully performed to avoid possible contamination of the material surfaces. A con-
stant monitoring of PMT glass radiopurity during its production has been performed.
The screening and quality control of acrylic has been done using a neutron activation
analysis and ICP-MS techniques. The cleanliness of the environment during instal-
lation and vessel filling is also being controlled, since the acrylic will be exposed to
the air for a limited time before filling with the LS. The JUNO MC simulation frame-
work (see Sec. 6.2) is used to check the impact of any modification or upgradation on
the JUNO background budget and the study shows that JUNO can achieve the back-
ground count rate, targeted for the NMO analysis. More details on the strategies of
background control in JUNO can be found in Ref. [234].

The purification procedure include passing JUNO LS through the alumina columns
(to improve the transparency), distillation (to remove heavy radio-impurities and to
further improve optical properties), water extraction (to remove radioisotopes from
U/Th chains and 40K introduced by PPO and bis-MSB), and steam stripping (to re-
move gaseous impurities, such as 85Kr and 222Rn). This purification procedure will
be performed on the scintillator during filling. Later on, if required, the JUNO design
permits to perform further purification campaigns using water extraction and steam
stripping in a closed loop [100]. Since the LS will be extensively purified during filling,
the purification efficiency is hard to predict accurately. Therefore, different assump-
tions on the background levels has been made concerning internal backgrounds (see
Sec. 2.5) in JUNO, relevant for the solar neutrino analysis, which is the main focus of
this thesis:

1. The High Background scenario corresponds to the minimum radiopurity require-
ments needed for the NMO measurement [228]. Preliminary tests performed with
the purification plant prototypes demonstrate that the High Background scenario
can be reached.

2. The Medium Background scenario corresponds to a factor 10 improvement with
respect to the High background scenario for all isotopes. It is not guaranteed that
the scintillator can be purified down to these radiopurity levels.

3. The Low Background scenario corresponds to a factor 10 improvement with respect
to the Medium Background scenario for all isotopes, except for 210Pb and 85Kr, for
which the improvement is only by a factor 5.

4. The Very Low Background scenario corresponds to the radiopurity levels reached
on 40K, 85Kr, 232Th chain, and 238U chain by the Borexino experiment in the Phase-
III in the fiducial volume [1, 2, 173]. Note that this scenario is considered only as a
best-case scenario reference, since the JUNO central detector’s size would make it
very difficult (if not impossible) to reach this level of radiopurity.

The list of all contaminants, with their concentrations and corresponding count rates
in JUNO for each radiopurity scenario, can be found in Table 6.1. In this table, the
count rate without assuming any energy threshold, R and in the energy region of in-
terest ROI of (0.45-1.6) MeV, RROI (see Chapter 7) is provided. In this table, 210Pb decay
chain, which can be found out of equilibrium with respect to the parent 238U decay
chain, is included. As discussed in Sec. 2.5, 210Pb is not a problematic background
for solar neutrino analysis. However, the isotopes belonging to 210Pb decay chain,
210Bi and 210Po represent major background for solar-ν analysis. The isotope 210Po can
also be present out-of-equilibrium with both 238U and 210Pb chains and this case will
be studied separately in Chapter 7. Since JUNO LS is organic and is derived from
petroleum, 14C is also present in JUNO LS, constantly produced by cosmic rays im-
pinging on 14N in the atmosphere. Results from previous experiments based on the
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40K 85Kr 232Th chain 238U chain 210Pb chain

High Background scenario

c [ g
g ] 1 × 10−16 4 × 10−24 1 × 10−15 1 × 10−15 5 × 10−23

R [ cpd
kt ] 2289 5000 3508 15047 36817

RROI [ cpd
kt ] 1562 705 2100 7368 17269

Medium Background scenario

c [ g
g ] 1 × 10−17 4 × 10−25 1 × 10−16 1 × 10−16 5 × 10−24

R [ cpd
kt ] 229 500 351 1505 3682

RROI [ cpd
kt ] 156 70 210 737 1727

Low Background scenario

c [ g
g ] 1 × 10−18 8 × 10−26 1 × 10−17 1 × 10−17 1 × 10−24

R [ cpd
kt ] 23 100 35 150 736

RROI [ cpd
kt ] 16 14 21 74 345

Very Low Background scenario

c [ g
g ] 2 × 10−19 8 × 10−26 5.7 × 10−19 9.4 × 10−20 5 × 10−25

R [ cpd
kt ] 4.2 100 2 1.4 347

RROI [ cpd
kt ] 2.9 14 1 1 163

Table 6.1: Summary of internal background levels in different radiopurity scenarios, without assuming
any energy threshold (R) and in the energy region of 0.45 MeV - 1.6 MeV (RROI), which is used in Chap-
ter 7. The rates corresponding to 232Th and 238U chains are obtained by summing up the contributions
of all daughters in the chain under the assumption of secular equilibrium. The last column reports the
contribution of 210Pb, assuming it will be out-of-equilibrium with respect to the 238U chain [235]. Note
that in the Very Low background scenario the 40K, 232Th, and 238U contaminations are set to the upper
limit found by Borexino [1, 2, 173]. The rates are reported in cpd/kt units, which are counts per day per
kiloton of LS.

organic liquid scintillator show that the expected concentration of 14C is in the range
of 10−17–10−18 g/g [236, 237]. These assumptions on the internal background levels
will be used for the solar neutrino analysis, which will be described in Chapter 7.

Cosmic muons and cosmogenic backgrounds are significantly reduced in JUNO as
it is located in an underground laboratory with a vertical overburden of ≈ 650 m. Fur-
thermore, the residual muons will be effectively detected and tracked using WP and
TT. Many of the cosmogenic backgrounds are short-lived and can be fully removed
by a simple time veto cut around the muon track. However, the cosmogenic isotopes,
11C, 10C, and 6He, are long-lived isotopes with non-negligible rates, and are relevant
for solar neutrino analysis in the scope of this thesis. The expected cosmogenic isotope
rate in JUNO is obtained by scaling the reference experimental measurements from
KamLAND [238] and Borexino [239, 240]:
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Isotope Rre f RJUNO ⟨RJUNO⟩ ⟨RJUNO⟩ROI

[cpd/kt] [cpd/kt] [cpd/kt] [cpd/kt]

11C
RBx = 274 ± 3

RKL = 1106 ± 8
1890 ± 199
1959 ± 254

1916 ± 157 1761 ± 144

10C
RBx = 6.2 ± 2.2

RKL = 21.1 ± 1.8
41.4 ± 15.3
36.5 ± 5.7

37.1 ± 5.3 0.25 ± 0.04

6He
RBx = 11.1 ± 4.5
RKL = 15.4 ± 2

74 ± 31
26.6 ± 4.9

27.8 ± 4.8 12.7 ± 2.19

Table 6.2: Summary of cosmogenic background contributions, crucial for the solar neutrino analysis de-
scribed in the next Chapters. The interaction rates of cosmogenic backgrounds in KamLAND (RKL) [238]
and Borexino (RBx) Phase-I [239, 240] are reported in the first column. The expected JUNO production
rate evaluated from the scaling method (eq. 6.1), using Borexino and KamLAND results separately, are
displayed in the second column. The rates, average of the scaled results, without assuming any energy
threshold (⟨RJUNO⟩) and in the energy region of 0.45 MeV - 1.6 MeV (⟨RJUNO⟩ROI), are reported in the
third and fourth column respectively [235].

RJUNO = Rre f ·
(

ĒJUNO
µ

Ē
re f
µ

)α

· Φ(µ)JUNO

Φ(µ)re f
· ϵJUNO

C

ϵ
re f
C

, (6.1)

where α is the spectral index of the energy dependence of the isotope production yield
as measured by KamLAND [238]. The Ēµ is the average muon energy, Φ(µ) is the
incoming total muon flux, and ϵC is the mass fraction of carbon atoms corresponding
to JUNO and the reference (re f ) experiment. The selection efficiencies of all three ex-
periments are assumed to be comparable. For JUNO, the value of Ēµ, Φ(µ), and ϵC

are 209.2 ± 6.4 GeV, 10.8 ± 1.1 m−2 h−1, and 0.8792, respectively. The expected rates,
estimated using eq. 6.1 and exploiting the Borexino and KamLAND results separately,
are displayed in the second column of Table 6.2. For each cosmogenic isotope, the
weighted average of these rates is used to calculate the JUNO expected cosmogenic
rates: the values in the full energy range and in the energy region of 0.45 MeV - 1.6 MeV
(see next Chapter), are reported in the last two columns. The most crucial cosmogenic
background for the solar neutrino analysis in JUNO is 11C . It can be effectively identi-
fied using the threefold-coincidence (TFC) algorithm, which is described in Chapter 3.

The elastic scattering (ES) process has no intrinsic threshold, in contrast to the in-
verse beta decay process (IBD) which is the main channel of interaction of antineutri-
nos in JUNO. Therefore, the reactor antineutrinos which interact through the elastic
scattering process also contribute as a crucial background, especially for the solar neu-
trino analysis. I estimated the ES interaction rate of antineutrinos, by taking its spec-
trum from Ref. [49], which is shown in Fig. 6.3. Considering 26.6 GW thermal power of
reactors and 52.5 km baseline, the flux of reactor antineutrinos at JUNO detector is esti-
mated to be (1.5± 0.1)×107 cm−2s−1. This exploits the fission fraction [49] for isotopes
(235U, 238U, 239Pu, and 241Pu), and their energy released per fission [241], which is tab-
ulated in Table 6.3. Considering the cross section of elastic scattering for antineutrinos
on electrons [142] and the survival probability of reactor antineutrinos [50] with oscilla-
tion parameters [36] in eq. 2.20, the rate of background events induced by antineutrinos
is calculated to be 1.4± 0.1 cpd/kt without any energy cut and 0.52± 0.02 cpd/kt in
the energy region of (0.45-1.6) MeV. When comparing the antineutrino interaction rate
with the expected rate of solar neutrinos (Sec. 6.3) and the radioactive and cosmogenic
backgrounds, the contribution of antineutrino background is found to be negligible for
the solar neutrino analysis.
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Isotope Fission fraction Energy per fission [MeV]

235U 0.56 202.36 ± 0.26

238U 0.07 205.99 ± 0.52

239Pu 0.31 211.12 ± 0.34

241Pu 0.06 214.26 ± 0.33

Table 6.3: The fission fraction [49] and the energy released per fission [241] for isotopes 235U,238U, 239Pu,
and 241Pu, used in the nuclear power plants (NPPs).

Figure 6.3: The reactor antineutrino spectrum plotted from Ref. [49].

6.2 Simulation framework

JUNO’s simulation software framework has been developed based on the Geant4 sim-
ulation tool-kit and the SNiPER (Software for Non-collider Physics Experiment) frame-
work [242, 243]. It consists of various stages that include the physics generators, de-
tector simulation (DetSim), electronic simulation (ElecSim), waveform reconstruction
(Calib), and event reconstruction. For performing studies involving various neutrino
signals and backgrounds as well as single particles, physics generators are used to
produce events with necessary information of particles, such as time, position and mo-
mentum. The DetSim stage takes into account the accurate detector geometry based
on Geant4 framework. In this stage, all particle interaction processes inside the LS and
the generation and propagation of optical photons according to a LS optical model
take place. When these optical photons reach the PMT, a PMT optical model in DetSim
describes the light interactions with PMT window and its detection on the PMTs. All
useful information including true energy, true position of the events as well as the PMT
hit time and number of photo-electrons are saved in a root file.

ElecSim takes DetSim output as the input and model the responses of PMT and
detector readout electronics. ElecSim includes the effects such as dark-noise, after-
pulsing, as well as Transit Time Spread (TTS). It generates the analog signal pulse, track
through the digitization process to produce the so-called waveforms, and simulates
the event trigger. The output of ElecSim is designed to represent the output of DAQ in
JUNO. If required, the mixing of events from different DetSim sources with randomly
arranged hits can also be done in ElecSim. If no mixing is performed, one can assign
each ElecSim event to a DetSim event and extract its true information. In the Calib (or
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the calibration) stage, the charge and time from each PMT waveform are reconstructed
by deconvoluting PMT waveform with the single photoelectron PMT response to re-
move high-frequency electronic noise. At the event reconstruction stage, the vertex
and energy of an event are reconstructed by taking reconstructed PMT charges and hit
times as the inputs and performing a likelihood fit with charge-time PDFs given the
observed information [244]. The last two stages follow the procedure that will also be
adopted during the data taking of JUNO.

6.3 Physics goals

Neutrino Mass Ordering determination: In Chapter 1, the neutrino mass ordering
problem has already been discussed. The determination of neutrino mass ordering
is the main physics goal of the JUNO experiment. This measurement is planned by
studying small spectral distortion caused by the mass splitting (∆m2

31 and ∆m2
32) driven

oscillation pattern (eq. 1.15) of the reactor antineutrinos energy spectrum [50, 245], as
shown in Fig. 6.4. Therefore, it is crucial to achieve an excellent energy resolution and
large statistics in JUNO, in order to determine NMO by precisely measuring oscillated
antineutrino spectrum. Unlike other experiments that rely on the NMO dependence
of matter effects, JUNO measurement is based on the vacuum oscillations and does
not depend on unknown CP-violating phase and the octant of θ23, which makes it an
unique experiment.

JUNO is located at a distance of 52.5 km, equally from both the Yangjiang and the
Taishan NPPs, which is required for the NMO determination to avoid cancellation of
the oscillation dephasing effect and have the best sensitivity for the NMO determina-
tion. It detects reactor antineutrinos ν̄e from the NPPs, located at about 53 km, via the
Inverse Beta Decay (IBD) reaction on protons in the liquid scintillator, ν̄e + p → e+ + n.
This provides an excellent tool to identify the signal via the space-time coincidence of
the prompt and delayed signals, which is a powerful handle to reject background events.
The positron quickly deposits its kinetic energy in the scintillator and annihilates into
two 0.511 MeV γs, which generates scintillation and Cherenkov photons, providing
a prompt signal. The delayed signal is caused by 2.2 MeV or 4.95 MeV gamma fol-
lowing the neutron capture after scattering, with mean lifetime of about 200 µs, on a
proton (∼99% probability) or carbon nucleus (∼1% probability), respectively. The an-
tineutrino energy threshold of IBD reaction is 1.8 MeV and the deposited energy of the
prompt signal is approximately equal to Eν - 0.78 MeV, where Eν is the antineutrino
energy. The backgrounds for the NMO analysis constitute: 1) the accidental back-
grounds, which are the random coincidence of different backgrounds, 2) β+n decays
from cosmogenic 9Li/8He, 3) fast neutrons, which are the energetic neutrons caused by
cosmic muons passing through the detector and its surrounding rocks, 4) 13C(α, n)16O
backgrounds, formed by the interactions of α particles from U/Th-chain with 13C in
LS, where the radiation from 16O excitation state mimics as the IBD prompt signal and
the neutron capture forms delayed signal, 5) geoneutrinos, 6) atmospheric neutrinos,
and 7) the electron antineutrinos from distant (>300 km) reactors as they provide no
information on NMO. The expected IBD signal counts correspond to about 47 events
per day and the expected background counts is about 4 events per day, after all data
selection cuts are applied to identify IBD events as well as to reduce the backgrounds.

The sensitivity to NMO is obtained by using a χ2 test-statistics between measured
and the predicted number of neutrino events with oscillations, where various updated
systematic contributions related to reactor uncertainty, the detector response, back-
ground shapes and rates, and oscillation parameters, are included as nuisance param-
eters. The procedure is to fit the spectrum first assuming normal ordering (NO) or
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Figure 6.4: Expected reactor antineutrino spectrum at the JUNO detector taking into account the IBD
cross-section and assuming 2000 days of data taking. The unoscillated spectrum is shown in black solid
line. The grey dashed spectrum takes into account the oscillation due to solar term (∆m2

21 and sin2 θ12)
only, that is, using sin2 θ13 =0 in the reactor antineutrino survival probability. The blue and red curves
show the oscillated spectrum at JUNO, assuming normal and inverted ordering of neutrino masses,
respectively. From [100].

inverted ordering (IO) with the chi-squared method. Then, the difference of the chi-
squared minima, ∆χ2

MO = |χ2
min(NO) - χ2

min(IO)|, is taken as a measure of median
NMO sensitivity using Asimov data. Using this approach, a joint analysis of JUNO
and TAO detectors has been performed to incorporate the constraints on reactor an-
tineutrino shape in determining the total sensitivity. The median sensitivity to reject
the wrong mass ordering is found to be 3σ with an exposure of 6.5 years × 26.6 GW
thermal power, assuming NO is true. If IO is true, the median sensitivity is 3.1σ under
the same exposure [230].

Precision measurement of neutrino oscillation parameters: JUNO can observe the
effects of oscillations driven by both solar and atmospheric oscillation parameters si-
multaneously on the reactor antineutrinos, as shown in Fig. 6.4. The analysis includes
most recent information about the experimental site location and overburden, detec-
tor response, backgrounds, and the constraint on reactor antineutrino spectral shape
expected from TAO. With six years of data taking, JUNO can determine the param-
eters ∆m2

31, ∆m2
21, and sin2 θ12 with a precision of 0.2%, 0.3%, and 0.5%, respectively.

The precision on sin2 θ13 is not expected to improve with respect to the current knowl-
edge [245].

Solar neutrinos: Thanks to its high mass and excellent energy resolution, JUNO will
have great potential for the solar neutrino measurements, provided the radioactive
background is kept under control and the detector response is fully understood. The
main channel for the detection of solar neutrinos in the JUNO detector is the elas-
tic scattering off electrons. As discussed above, the backgrounds for the solar analy-
sis include the intrinsic natural radioactivity in LS, external γ backgrounds from sur-
rounding detector materials, and decay of isotopes created by cosmic muons passing
through the detector. By choosing a fiducial volume, the external backgrounds can be
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Solar-ν 7Be pep CNO

HZ-
SSM

Φ [108 cm−2 s−1] 49.3(1±0.06) 1.44(1 ± 0.009) 4.88(1 ± 0.11)

R [cpd/kt] 489 ± 29 28.0 ± 0.4 50.3 ± 8.0

RROI [cpd/kt] 142.5 ± 8.3 17.1 ± 0.2 16.6 ± 2.6

LZ-
SSM

Φ [108 cm−2 s−1] 45.0(1±0.06) 1.46(1 ± 0.009) 3.51(1 ± 0.10)

R [cpd/kt] 447 ± 26 28.4 ± 0.4 36.0 ± 5.3

RROI [cpd/kt] 130.0 ± 7.5 17.3 ± 0.2 11.9 ± 1.8

Borexino
results

Φ [108 cm−2 s−1] 49.9 ± 1.1+0.6
−0.8

1.27 ± 0.19+0.08
−0.12 (LZ)

1.39 ± 0.19+0.08
−0.13 (HZ)

6.6 +2.0
−0.9

Table 6.4: Fluxes Φ and interaction rates R in the entire energy range for the 7Be, pep, and CNO so-
lar neutrinos. The first and second row show B16-SSM [137] predicted fluxes and the corresponding
expected rates R in JUNO, according to the high-metallicity HZ and low-metallicity LZ hypothesis, re-
spectively. The expected rates RROI in visible energy range of (0.45-1.6) MeV, that corresponds to a region
of interest (ROI) chosen in Chapter 7, are also shown. The last row reports the current best experimental
results for the 7Be and pep [173] and CNO [3] neutrinos obtained by the Borexino experiment (note that
the pep results slightly depend on the HZ/LZ SSM predictions used for constraining CNO neutrino flux
in the fit in Borexino), as summarized in Chapter 4.

suppressed to a negligible level. The cosmogenic background events can be reduced
using the TFC algorithm.

In JUNO, 8B solar neutrinos can be measured in the energy range above 2 MeV,
due to dominant cosmogenic 11C decays at lower energy range. The expected 8B
rate in JUNO from the elastic scattering channel is about 4.4 cpd/kt assuming no en-
ergy threshold and about 2.9 cpd/kt in energy range above 2 MeV. About 60,000 sig-
nal events with a signal to background events ratio of 2:1 are expected in the energy
range above 2 MeV, after all cuts are applied in ten years of data taking [246]. As a
result of low threshold 8B-ν measurement, JUNO can reject the absence of upturn in
Pee transition region with about 3σ significance including the systematic uncertainties,
if ∆m2

21 = 7.5×10−5eV2. It is also expected that the day-night asymmetry measurement
can be provided with about 0.9% precision in JUNO, which is better than the Super-
K results (1.1%) [247]. Using spectral and the day-night asymmetry information, the
oscillation parameter ∆m2

21 can also be measured and the extracted precision is on the
same level as the current global fit results [248]. In addition to the elastic scattering
channel, JUNO also has a potential of detecting 8B solar neutrinos through CC and
NC interactions on 13C. Therefore, it can provide model-independent measurement on
8B solar neutrino flux using these interactions, that is, providing the total amount of
neutrinos produced in the Sun without relying on the solar neutrino oscillations. The
first model-independent measurement of 8B solar neutrino flux has been provided by
SNO, as discussed in Sec. 2.4 and JUNO will be the second one. About 6,000 CC and
3,000 NC signal events are expected in 10 years of data taking in JUNO. Performing a
combined analysis in all three detection channels, the 8B-ν flux, ∆m2

21, and sin2 θ12 can
be measured with a precision of about 5%, 8%, and 20%, respectively. When combin-
ing the results from SNO experiment, the 8B-ν flux can be obtained with world’s best
precision of 3% [249].

JUNO will also be able to provide the measurement of solar neutrino fluxes in the
energy range from 0.45 MeV to 1.6 MeV, including 7Be, pep, and CNO solar neutri-
nos. It will detect these solar neutrinos via the elastic scattering channel. The expected
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rates of 7Be, pep, and CNO solar neutrinos in the entire range and in the energy win-
dow of (0.45-1.6) MeV are reported in Table 6.4. The precision of the solar neutrino
measurement is highly dependent on the background levels in JUNO. The analysis of
sensitivity to these neutrinos using energy spectral fit will be discussed in Chapter 7 in
detail. There is also a possibility to perform combined directional and spectral fit for
solar neutrinos in JUNO, which will be investigated in Chapter 8. JUNO’s capability
to detect day-night asymmetry and the gravity-driven modulations (g-mode) of the
rate of 7Be solar neutrino, dominant at sub-MeV energy region, has also been investi-
gated [7]. After 10 years, JUNO will be able to improve the day-night modulation mea-
surement by sub-percent precision in optimistic background scenarios, with respect to
the current best measurement from Borexino (∼1% precision) [250]. The current best
limits concerning g-mode will be improved by one order of magnitude to reach per-
cent level in JUNO, with respect to the current best measurement from SNO (∼10%
precision) [251]. The prospects of measuring pp solar neutrinos in JUNO is challeng-
ing due to the dominant contribution of 14C background events and the pileup with
itself or with other backgrounds, as well as the complications arising from the trigger
threshold and energy response at low energies. This is currently under investigation,
where machine learning approaches are being used to identify the pileup events [252].

Geoneutrinos: In JUNO, geoneutrinos will be detected via the IBD channel, which is
also used for NMO analysis. It has a reaction threshold of 1.8 MeV and hence, only 238U
and 232Th components can be measured in JUNO. Apart from the non-geoneutrino
backgrounds discussed above for the NMO analysis, the reactor antineutrinos consti-
tute the largest background for geoneutrinos analysis in JUNO. JUNO will detect un-
precedented amount of geoneutrino events, which is about 400 events in 1 year, with
respect to the previous experiments: KamLAND [79] and Borexino [78], discussed in
Sec. 1.4. JUNO will be able to measure the total geoneutrino signal with about 10%
and 8% precision in 6 and 10 years, respectively [253]. This is estimated using the sen-
sitivity analysis where Th/U mass ratio is fixed and the uncertainty of geo and reactor
neutrino shapes are included. In addition, JUNO has potential to measure the individ-
ual contributions from U and Th with a precision of about 30% and 35% in 10 years.
More than 50% contribution to the total signal comes from the crust around JUNO in
about 500 km range. Therefore, the study of refined geological models around JUNO is
crucial for the estimation of JUNO’s potential to separate the signal from Earth’s crust
and mantle. These studies are under investigation [253, 254].

Atmospheric neutrinos: JUNO can measure atmospheric neutrinos, which has not
been performed before in a liquid scintillator experiment. JUNO have an expected
count of 10 atmospheric neutrino events per day, arriving from all directions with en-
ergy ranging from 100 MeV to 10 TeV. JUNO can reach NMO sensitivity of about 1σ
after 10 years, through measuring atmospheric neutrinos passing through the Earth
(upward-going) [50]. The analysis uses energy and direction reconstruction algorithms
as well as the neutrino particle identification techniques. The particle identification
techniques in JUNO will also use the information from event topology to distinguish
electron or muon-like events and to discriminate neutrino and antineutrino events.
This will allow the reconstruction of oscillated spectrum of neutrinos and antineutri-
nos of different flavours. This is required for the NMO determination, as the contribu-
tion of the muon neutrino and antineutrino differ depending upon the true neutrino
mass ordering due to the matter effects. New developments are being performed for
the updated estimations with respect to the previous one [50], including the optimisa-
tion of the event selection cuts for more statistics and adopting the realistic neutrino
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energy dependent neutrino directionality and efficiency of particle identification tech-
niques [255, 256]. This analysis is complementary to the NMO determination from
reactor antineutrino analysis and the NMO sensitivity in JUNO can be boosted using
a combined analysis, which is also under evaluation.

Supernova neutrinos: JUNO can detect supernova neutrinos produced after the core-
collapse of massive stars in our galaxy, already discussed in Sec. 1.4. The detection
of supernova neutrinos in JUNO will take place through multiple channels, mainly
IBD, elastic neutrino-electron scattering (ES), and the elastic neutrino-proton scatter-
ing (pES). For a supernova at a distance of 10 kpc, about 5000 IBD events, 300 ES and
2000 pES events are expected to be detected by JUNO. Additionally, the NC (∼300
events) and CC (∼200 events) interactions on 12C in LS would also occur. It is also
possible that JUNO will perform the first detection of neutrinos that are emitted before
the core collapse (pre-SN neutrinos) through IBD and eES interactions. A real-time
monitoring system has been designed in JUNO to provide early alerts that allows for
prompt detection of pre-SN and supernova neutrinos with the largest possible statis-
tics. JUNO has sensitivity to pre-SN and core-collapse supernova neutrinos detection
upto a distance of about 1-2 kpc and 360-370 kpc, respectively, assuming a false alert
rate of 1 per year and progenitor mass of 30 solar masses [82].

Diffuse supernova neutrino background (DSNB): JUNO will detect DSNB via the
IBD channel. The most crucial background for the DSNB analysis is the NC interaction
of atmospheric neutrinos with 12C. Using a pulse-shape discrimination (PSD) method,
the NC background can be reduced and an prompt energy window of roughly about
12 to 30 MeV can be chosen for the analysis, where the DSNB signal is expected to
dominate. The low energy threshold is the result of the reactor antineutrinos spectrum
which is dominant at energies ≲ 12 MeV. By performing an event counting analysis in
the chosen energy window, JUNO can provide 3σ and >5σ evidence of DSNB signal
for 3 and 10 years of data taking and assuming the reference DSNB model parameters:
average spectral energy of DSNB neutrinos to be 15 MeV, the black hole fraction of 0.27,
and the present supernova rate of 1.0× 10−4yr−1Mpc−3 [93, 100].

Proton decay: In addition to the neutrino physics, JUNO can also contribute in the
searches for proton decay, which will violate baryon number and provide an indirect
experimental test of the Grand Unified Theories [36]. Using a simulation study, JUNO’s
sensitivity to proton decay (p → ν̄K+) searches has been investigated. JUNO will utilise
a three fold coincidence feature in time to search for proton decay: a prompt signal
from K+ kinetic energy, a short delayed signal (τ = 12.38 ns) from its decay daugh-
ters, and a long delayed signal (τ = 2.2 µs) from the energy deposit of the final Michel
electron. The crucial backgrounds for this analysis are the atmospheric neutrinos and
cosmic muons, as the deposited energy from the proton decay is expected to be larger
than 100 MeV. Various selection cuts based on visible energy and the time correlation
are applied to suppress the background levels. Taking into account the systematic un-
certainties related to model inaccuracies and the background level, the sensitivity of
JUNO is estimated to be 9.6 × 1033 years at 90% C.L for an exposure of 200 kt-years,
assuming no proton decay events are observed. This is competitive with respect to the
current best limit on proton lifetime and provide complementary search compared to
the Super-K experiment [257, 258].

Dark matter search: JUNO is also expected to improve the current best limits on the
dark matter self-annihilation rate by searching for the neutrinos originating from the
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MeV dark matter (DM) annihilation (χχ → νν̄) in the galactic halo. JUNO will detect
DM annihilation neutrinos in the mass range of (15–100) MeV via the IBD signature.
In order to avoid reactor neutrino background at lower mass range and to consider
only direct annihilation channel for the production of neutrinos, the mass range of
(15–100) MeV has been chosen. The dominant background for this analysis is the NC
interaction of atmospheric neutrinos with 12C nuclei and a PSD method is applied to
reject these backgrounds. JUNO will provide an improved limit with respect to the
current best limits by a factor of 2–10 for DM mass range of (15–100) MeV [259].
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Chapter 7

Prospects for the spectroscopy of 7Be, pep, and
CNO solar neutrinos in JUNO

This chapter presents the JUNO’s potential to perform the measurement of 7Be, pep,
and CNO solar neutrinos in a visible energy range from 0.45 MeV to 1.6 MeV. Thanks
to its huge target size, it is expected that JUNO can provide unprecedentedly precise
solar neutrino rate measurements. However, JUNO’s sensitivity to solar neutrinos de-
pends on the exact background levels. Since the exact radiopurity levels of JUNO are
unknown, as discussed in Chapter 6, the sensitivity of JUNO for the solar neutrino
measurement is explored in different background levels. Unlike IBD detection, where
it is much easier to reject backgrounds, the solar neutrino detection takes place via elas-
tic scattering of electrons in liquid scintillator and thus, the solar neutrino events are
indistinguishable from background ones on an event-by-event basis. Here, the differ-
ence in the energy spectra of different species is utilized to extract the interaction rate
of solar neutrinos in JUNO.

The motivation for the selection of chosen energy cut and fiducial volume cut are
discussed in Sec. 7.1.1. The steps taken to perform sensitivity estimation are described
in Sec. 7.1.2, following a MC based pseudo-experiment approach. The results associ-
ated to 7Be, pep, and CNO solar neutrinos measurement in different background con-
figurations and their comparison with the current best results are discussed in Sec. 7.2.
My contribution to this analysis includes performing spectral fits in different radiopu-
rity levels as a function of exposure in order to extract JUNO’s sensitivity towards 7Be,
pep, and CNO solar neutrinos, as well as co-writing the article for publication [7].

7.1 Analysis strategy

This section is devoted to the description of strategy and methods, which are used to
estimate JUNO’s sensitivity to 7Be, pep, and CNO solar neutrinos. Section 7.1.1 presents
the energy region and fiducial volume selection for the sensitivity studies. The proce-
dure and techniques used in the estimation of sensitivity is described in Sec. 7.1.2.

7.1.1 Selection cuts

The region of interest (ROI) chosen in this analysis corresponds to a visible energy
range of (0.45-1.6) MeV, which mainly consists of 7Be, pep, and CNO solar neutrinos.
Events in this analysis are selected using the mNQE variable, an energy estimator in
JUNO, in the range of (650-2400) photoelectrons (p.e). It represents the total charge in
all PMTs in a 280 ns signal window, taking into account the corrections related to the
expected mean dark noise hits and non-uniformity of the detector energy response.
The low energy threshold is chosen, in order to neglect the contribution from 14C and
its pileup events, which are dominant at low energies. A study shows that assuming a
expected 14C concentration of ≲10−17 g/g level based on the previous liquid scintilla-
tor experiments, the contribution of 14C pileup is ≲0.1 cpd/kt in the chosen ROI, which
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Figure 7.1: Energy spectra simulated for six years of data taking, which are used in the sensitivity
analysis. The TFC-subtracted and TFC-tagged histograms are shown in the left and right panels. The
datasets corresponding to four background scenarios: High Background (purple line), Medium Back-
ground (blue line), Low Background (light blue line), and Very Low Background (green line), are shown.
The distributions of 7Be, pep, and CNO neutrinos, scaled to SSM predictions, are shown as red, orange,
and pink solid lines, respectively.

is extremely low with respect to other species and this analysis is robust [260]. In addi-
tion, a spherical fiducial volume (FV) with a radius of 14 m and a mass of 9.87 kt, is also
chosen. The simulations of external γ’s energy spectrum shows that a FV with r≲15 m
completely suppress the external γ background events, which dominate at energies
above the end point of the analysis [246]. A fiducial volume of sphere with radius of
14 m is chosen for this analysis, also to avoid the systematic effect due to the position
reconstruction of events.

7.1.2 Methods for sensitivity estimation

The neutrino-electron elastic scattering events are indistinguishable from the back-
ground events on an event-by-event basis in the liquid scintillator experiments. This is
because they produce a single flash of light as the scintillation photons, which are dom-
inantly emitted and do not have any directional information. However, the neutrino
signal can be separated statistically from the data by fitting the energy distribution of
data events with the model one, that consists of the sum of contributions from neutri-
nos and backgrounds. This strategy, to perform the solar neutrino spectroscopy, has
already been discussed for Borexino in Chapter 4. There also exists a sub-dominant
contribution from the directional Cherenkov photons, which can be used in the anal-
ysis as seen in Chapter 5, and this will be further discussed for JUNO in Chapter 8.
In order to perform the sensitivity analysis in JUNO using the energy distributions, a
MC based pseudo-experiment approach is adopted, where the toy datasets are fitted
with the MC PDFs of all neutrino and background components, in order to obtain each
species’ rate and the statistical uncertainty. The complete procedure is described in
detail below:

Monte Carlo and toy dataset production: The official Monte Carlo software in JUNO,
described in Sec. 6.2, is used to simulate all the physics processes occurring in the
JUNO detector. Using the JUNO MC software, the reference energy distributions
(PDFs) of all neutrino signal and background events are obtained in reconstructed
energy variable mNQE. The solar neutrino events are generated through the dedi-
cated physics generator in JUNO MC, taking the neutrino energy spectral shapes from
http://www.sns.ias.edu/∼jnb/ and the backgrounds ones are based on Geant4 [243].
All the neutrino signal and background components are simulated uniformly within a

http://www.sns.ias.edu/~jnb/
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Number of events

7Be 1.76 × 106

pep 1.05 × 105

CNO 1.81 × 105

Table 7.1: Expected number of solar neutrinos events after 1 year of data taking and with a fiducial
volume of RFV = 14 m, calculated using high-metallicity SSM predictions (see Table 6.4)

sphere of radius 15 m. For each species contributing to ROI, the number of simulated
events is based on its expected rate in detector: SSM predictions of solar neutrino rate
(Table 6.4) and the maximum expected background rate shown in Table 6.1 and Ta-
ble 6.2. The output of the simulation is the PDF in the mNQE variable for each species.
Then, the PDFs are normalized according to the detection efficiency of the given species
inside the fiducial volume, as not all the generated events of species, whose energy dis-
tribution extend to zero, are detected.

In order to estimate event statistics for the simulation, an exposure of 1 year of data
taking with 100% duty cycle is assumed due to the enormous size of JUNO detector
and limited computation resources. Due to the extremely large expected number of
signal and background events, it is not possible to simulate PDFs with enough statis-
tics for larger than 1 year of data taking. Consequently, the statistics in MC PDFs are
expected to be the same order of magnitude or less with respect to the expected data
events. This could result in the bias of the fit result, due to the statistical fluctuations
in the PDFs. Not having enough statistics in the PDFs could create the spectral struc-
tures in PDFs as well as in the pseudo-data due to oversampling, which can artificially
increase the sensitivity. In order to overcome this, a smoothing process on the PDFs is
applied. The chosen smoothing algorithm is the Savitzky Golay filter [260, 261], which
relies on the fit of adjacent data points with a low degree polynomial using the linear
least square method, without smearing out the spectral features and keeping the dif-
ference between smoothed and original histograms under a threshold. This results in
the creation of PDFs as if they were produced with the statistics higher than the actual
simulated ones.

After smoothing of the PDFs, 104 pseudo-datasets are built by sampling the energy
PDFs of all components. The sampling is Poissonian for each neutrino and background
species with the mean taken as their expected individual contributions. The toy dataset
is divided into two histograms: TFC-subtracted and TFC-tagged (see Sec. 3.2.3). The
TFC algorithm performance parameters, namely Tagging Power (TP) and Subtracted
Exposure (SE) are chosen to be similar to Borexino’s TFC performance: TP = 0.90 and
SE = 0.70. These values are taken into account to compute the total exposure and 11C
rate for each dataset. Figure 7.1 shows the generated datasets for six years of data
taking in the different radiopurity levels, as well as 7Be, pep, and CNO solar neutrino
spectra that are normalized to their expected counts. The studies regarding CNO neu-
trinos are performed in two different ways. Firstly, the CNO is considered as a single
species representing a weighted sum of all three components according to the SSM
predictions, as used in Borexino in Chapter 4. Secondly, the individual 13N and 15O
components are also considered, where the latter includes also sub-dominant 17F neu-
trinos having a degenerate energy spectrum with 15O. It can be observed in Fig. 7.1 that
the shoulder-like spectral feature at ≈1000 p.e, due to 7Be solar neutrinos, is present in
the Very Low and Low Background scenarios, while for other background scenarios,
there is no such feature due to the dominance of backgrounds. The PDFs of all species
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in the ROI can be seen in Fig. 7.3, which shows the fit result obtained using the tech-
nique described below.

Figure 7.2: Correlation plots obtained by performing 104 fits in the Medium Background scenario for
six years of data taking, where the rates of all species are free to vary. The red histograms show the
distributions of the best fit reconstructed rates, expressed in cpd/kt. The non-diagonal frames report
the correlation plots among the different species: the rates density increases going from blue to red
color. From [7].

Multivariate fit: Similar to the fit technique described in Chapter 4, the generated
TFC-tagged and TFC-subtracted datasets are fitted simultaneously with the MC PDFs
using a binned likelihood test statistic. Consequently, the total likelihood is given by
the product of TFC-subtracted and Tagged likelihoods, L = Lsub · Ltag (see eq. 4.9).
A dedicated software for the sensitivity studies of the solar neutrinos, named as Jülich
nUsol Sensitivity Tool (JUST), has been developed [262]. The fit parameters are the in-
dividual species rates. The TFC-subtracted and TFC-tagged datasets are statistically
independent, while they have common fit parameters, which are the rates of the solar
neutrinos and the internal backgrounds. Since 11C rate is different in the two distri-
butions due to the TFC algorithm, two independent parameters corresponding to the



139

800 1000 1200 1400 1600 1800 2000 2200 2400
Reconstructed energy [p.e.]

1

10

210

3
10

410

5
10

6
10

710

E
v
e
n
ts

 /
 p

.e
.

νBe-
7

νpep-

νCNO-
Po

210

Bi
210

Kr
85

U chain
238

Th chain
232

K
40

C11

Best fit

dataset

800 1000 1200 1400 1600 1800 2000 2200 2400
Reconstructed energy [p.e.]

4−

3−

2−

1−

0

1

2

3

4

R
e
s
id

u
a
ls

800 1000 1200 1400 1600 1800 2000 2200 2400
Reconstructed energy [p.e.]

1

10

210

3
10

410

5
10

6
10

710

E
v
e
n
ts

 /
 p

.e
.

νBe-
7

νpep-

νCNO-
Po

210

Bi
210

Kr
85

U chain
238

Th chain
232

K
40

C11

C
10

He
6

Best fit
dataset

800 1000 1200 1400 1600 1800 2000 2200 2400
Reconstructed energy [p.e.]

4−

3−

2−

1−

0

1

2

3

4

R
e
s
id

u
a
ls

Figure 7.3: Multivariate fit example from the sensitivity analysis for Medium Background scenario with
six years of data taking. The TFC-subtracted and TFC-tagged histograms are shown in the left and
right panels, respectively. In the upper panels, the pseudo-datasets are shown in black and the best fit
model is shown in a golden solid line. The solar neutrinos PDFs are shown in solid lines, while the
backgrounds PDFs are shown in dotted lines. The bottom panels show the residuals of the fits.

11C rate in the two distributions, are included in the likelihood. The other two relevant
cosmogenic isotopes, 10C and 6He, are included in the TFC-tagged dataset only, due
to their negligible contribution in the TFC-subtracted dataset. The output of the fit is
the reconstructed rate of each species assuming no threshold efficiency. Note that in
this analysis, the MC simulations are assumed to accurately reproduce the real detec-
tor response and the study of possible systematic errors, associated to the non-perfect
knowledge of the detector energy response, is beyond the scope of this thesis.

Figure 7.2 shows an example analysis result from the sensitivity study and are ob-
tained by performing 104 fits in the Medium Background scenario for 6 years of data
taking. The fits are performed in the ROI, where all signal and background rates
are free to vary. The red histograms represent the distributions of the species’ recon-
structed rates and the injected rates are shown in black vertical lines. The correlation
plots between different species rates are also shown in this figure. It can be seen that
there exist strong correlations between 210Bi, pep, and CNO rates. Figure 7.3 shows the
multivariate fit performed on one of the pseudo-datasets spectra out of 104 fits in the
Medium Background scenario for 6 years of data taking. In the shown fits, no biases
are observed. However, the biases can occur due to correlations in the cases, where
the statistics is too low or the background is too high. In the cases, where the bias is
too high, the sensitivity estimation is not done. However in some cases, the external
constraints on some of the signal or background rates can be imposed to help the fit to
extract unbiased species rates, as will be discussed in the next section.

Sensitivity extraction: The goal of this analysis is to estimate the achievable precision
of 7Be, pep, and CNO solar neutrino rates in JUNO, which are strongly affected by the
exposure and the signal to background ratio. In order to quantitatively evaluate the
JUNO’s sensitivity to 7Be, pep, and CNO solar neutrinos, the multivariate fits on a large
number of pseudo-datasets are performed. From each fit, the rate of each species and
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Figure 7.4: The distributions of relative uncertainty (%) of extracted solar neutrino rates are shown in
red, which is defined as the ratio of rate uncertainty to the best fit rate extracted from each multivariate
fit performed on 10,000 pseudo-datasets by leaving the rates of all species free to vary. The distributions
are shown for the 7Be (upper left), pep (upper right), and CNO (bottom) solar neutrinos in the Medium
Background scenario with 6 years of data taking. The blue vertical line shows the median of the distri-
bution, which is quoted as the sensitivity result, and the green band shows the 68% C.L. band extremes.

the rate uncertainty are extracted. Now, the distribution of the ratio of rate uncertainty
to the extracted rate of species of interest is built from all fits. Then, the average relative
uncertainty, which represents the sensitivity result, is quoted as the median of this
distribution. The left and right errors on the final sensitivity result is taken as the
distances between the median and the 68% C.L. band extremes. Figure 7.4 shows the
relative uncertainty distributions in red for 7Be, pep, and CNO solar neutrinos in the
Medium Background scenario for 6 years of data taking. In this Figure, the blue vertical
line represents the median of the distribution and the green band shows the 68% C.L.
band extremes. Note that in this case, the rates of all species are free to vary. This
method is adopted in order to take into account both the extracted rate and its error in
each fit. This distribution carries the information about the possible large bias in the
best fit rate and/or the possible fluctuation in the extracted error in some fits when it
is not sensitive to a species. In addition, quoting the average uncertainty along with
left and right errors, as the sensitivity results, will take into account the asymmetries
in the distribution caused by the correlation of species rate.

7.2 Results

This section presents the results of the sensitivity analysis on 7Be, pep, and CNO solar
neutrinos. The precision of solar neutrino rates that JUNO can achieve, is studied in
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various configurations, that is, as a function of time and different background levels.
As described in the previous subsection, for a certain exposure and the background
level, the multivariate fits of 104 pseudo-datasets with the MC PDFs are performed in
the ROI of (650-2400) p.e. by exploiting differences in the energy spectra of neutrino
and background components. Then, the distributions of relative uncertainty, defined
as the ratio of extracted fit error on rate to the best fit rate for each species of interest, are
built and their median are quoted as the sensitivity results. The sensitivity results are
compared to the results from Borexino (Chapter 4) with and without including system-
atic uncertainties. Here, it is reminded again that the possible systematic uncertainties
are not taken into account in this study as the systematic errors are not expected to be
larger than in that of Borexino.

7.2.1 7Be solar neutrinos

Due to a high expected rate of 7Be solar neutrinos (≈ 150 cpd/kt in the ROI) and the
characteristic shoulder-like energy spectral shape, it is easier for the fit to disentangle
the contribution of 7Be solar neutrinos, even in the less exposure as well as in the
High background scenario. Figure 7.5 (top left) shows the average relative error on the
reconstructed 7Be-ν rate as a function of data taking time (lower scale) and exposure
(upper scale). The results from the Very Low, Low, Medium, and High Background
scenarios are shown in green, light blue, blue, and purple solid lines, respectively. The
best Borexino results, with and without including the systematic uncertainty (2.7%
and 2.3%) [1] are represented as black dotted and solid horizontal lines, respectively.
These trends follow a a + bϵ−1/2 power law due to increasing statistics, where ϵ is
the dataset exposure, a and b are the coefficients depending on the neutrino species
and the background scenario. It can be seen that starting from 2 years of data taking,
JUNO’s results will be highly competitive in all background scenarios. They match
or exceed the Borexino’s best result depending upon the background scenarios. For
longer data taking period, the relative statistical error on the extracted 7Be rate will
reach unprecedented levels, that is, ≈1.0% in the High Background scenario (worst
radiopurity) to ≈0.15% in the Very Low Background case (best radiopurity).

The precision of 7Be solar neutrinos can also be influenced by the presence of un-
foreseen levels of background and out-of-equilibrium components in the scintillator.
The backgrounds that affect 7Be results are 226Ra, 210Po, and 85Kr, due to the overlap of
their energy spectra with the 7Be-ν spectrum. Therefore, the precision of 7Be solar neu-
trinos is studied as a function of these backgrounds’ levels for 6 years of data taking in
order to have a sufficient exposure.

85Kr (β-emitter) is one of the most crucial background for 7Be-ν analysis, because its
spectral shape is very similar to the 7Be-ν spectrum and both spectra almost overlap.
The 85Kr contamination level is hard to predict a priori and could possibly be high. The
reasons for the presence of high 85Kr levels include the air-leak during filling, which
could result in the absorption of 85Kr by acrylic surface. This could emanate into the
scintillator after the detector filling. Therefore, to study the effect of large contamina-
tion level of 85Kr, extra contributions of 85Kr with respect to the already included 85Kr
in each scenario are simulated, up to a value of 5×106 cpd/kt. The results on the pre-
cision of 7Be solar neutrinos as a function of increasing 85Kr rate are shown in Fig. 7.5
(bottom right). It can be seen that the 7Be-ν relative uncertainty worsens for all sce-
narios as a function of increasing 85Kr rate. If 85Kr is kept below ∼106 cpd/kt, the 7Be
statistical error is still better than the best result from Borexino.

Another problematic background for 7Be analysis is the contribution from out-of-
secular-equilibrium 210Po decay events. In this analysis, the supported 210Po, which is
in secular equilibrium with 238U and 210Pb decay chains, has been included. However,
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Figure 7.5: JUNO’s sensitivity results to 7Be solar neutrinos: Top left plot shows the relative uncer-
tainties of 7Be neutrino rate as a function of the exposure (upper axis) and data taking time in years
(lower axis). Very Low, Low, Medium, and High Background scenario trends are shown in green, light
blue, blue, and purple solid lines, respectively. The best Borexino results, with and without including
the systematic uncertainty (2.7% and 2.3%) [173] are reported as black dotted and solid horizontal lines,
respectively. Top right, bottom left, and bottom right plots show the relative uncertainty of 7Be neutrino
rate as a function of increasing rates of 226Ra, 210Po (expressed as the sum for 210Po from 210Pb and out
of equilibrium component), and 85Kr respectively, for 6 years of data taking. The bold cross markers cor-
respond to the standard background scenarios for 6 years of data taking, i.e. High, Medium, Low, and
Very Low with no extra contribution of backgrounds added. Concerning the top right plot, the standard
background scenarios have no extra contamination of 226Ra, therefore no cross is shown. From [7].

from the experience of both Borexino [159] and KamLAND [161] experiments, it is
possible that a certain amount of 210Po, which is out-of-secular-equilibrium with 238U
and 210Pb decay chains, referred to as the unsupported 210Po, will be present in the
detector. The results from the study of impact of extra 210Po contamination level on the
7Be sensitivity is shown in Fig. 7.5 (bottom left). It can be seen that the 7Be statistical
precision in JUNO is still better than the current best results, even with extra 210Po
with total contamination up to ∼106 cpd/kt (∼10 times higher than one experienced
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Figure 7.6: The relative uncertainty of pep neutrino rate as a function of the exposure (upper scale) and
data taking time in years (lower scale). The distributions in green, light blue, blue, and purple solid lines
represent the Very Low, Low, Medium, and High Background scenarios. The best results from Borexino,
with and without including the systematic uncertainty (16.5% and 14.2%) [1] are reported as the black
dotted and solid horizontal lines respectively. From [7].

initially in Borexino) [263].
226Ra isotope, a sub-chain element in the 238U decay chain, can be present in water

or scintillator as the out-of-equilibrium component. Therefore, it is necessary to esti-
mate the impact of possible extra levels of this isotope on the 7Be sensitivity, which is
shown in Fig. 7.5 (top right). For this study, the concentration level of 226Ra is varied
from 0.01cRa to 5cRa, where cRa is 226Ra contamination selected as the detector design
requirement c

req.
Ra = 5×10−24g/g, corresponding to 142 cpd/kt rate for overall 226Ra →

206Pb decay chain. Starting from 0.5cRa, the fit results start to be biased in the High
and Medium Background scenarios. This implies that the fit is unable to disentangle
7Be due to the increasing level of backgrounds that lie in the same energy region and
thus, they are not shown here. In the Very Low and Low Background scenarios, the 7Be
precision slightly worsens for cRa > c

req.
Ra , nevertheless, it is still better than the current

best results from Borexino [263]. Therefore, it can be concluded that the contamination
level of 226Ra isotope should be kept as minimum as possible to measure the precise
7Be-ν rate in the Medium and High Background scenarios.

As discussed in Sec. 7.1.1, assuming the 14C concentration level to be ≲10−17 g/g, a
typical contamination level from other liquid scintillator experiments, the contribution
of its pileup is negligible in the ROI. This is because the single 14C events and its multi-
ple pileup (up to 3) do not lie in the ROI, and the quadruple pileup, which partly lies in
the ROI, has a negligible contribution. However, the 14C+210Po pileup lies in ROI and
can affect the measured precision on 7Be solar neutrino rate. Assuming that the pileup
rate can be constrained by making use of the pulse-shape discrimination techniques
(for 210Po) as well as data-driven and MC methods (for 14C) adopted in Borexino [264],
the measured statistical precision on 7Be-ν rate is still competitive with the current best
results from Borexino [260].



144

Figure 7.7: The distributions of the extracted pep-ν rates (red), obtained by performing multivariate fits
on 104 pseudo-datasets and leaving the rates of all species free to vary with 0.5 year of data taking. Left
and right plots show the distributions in the High and Low Background scenarios, respectively. The
blue dashed lines represent the injected rate, while solid lines illustrate the medians of the distributions.
It can be seen that in the High Background case, the extracted pep-ν rate is close to zero in many fits due
to a poor signal to background ratio, which results in a bias and therefore, it is not shown in Fig. 7.6.
However, this is not observed in the right plot, where the background levels are reduced. Note that
the median rate is displayed here only for illustration purposes and it is not taken into account for the
sensitivity results.

7.2.2 pep solar neutrinos

The pep-ν flux has been measured by the Borexino experiment with 17% precision [1,
173]. However, by including the solar luminosity constraint, the ratio of pp to pep
neutrino rate, the global fit of solar neutrino data, and the oscillation parameters, the
pep-ν flux is determined at 1.4% level as discussed in Sec. 4.4.1. It is important to di-
rectly measure pep-ν flux precisely in JUNO, in order to experimentally verify these
theoretical and experimental information. However, there are some challenges in the
pep-ν measurement. The pep neutrino flux is relatively low, approximately 50 times
smaller than the 7Be neutrino flux. Due to presence of backgrounds from the radioac-
tive decays of 210Bi and cosmogenic 11C in the same energy region, this analysis is
strongly influenced by these backgrounds. Furthermore, the similarity between pep-ν
and CNO-ν spectral shapes as well as their comparable rates, also complicate the pep-ν
measurement.

Similar to 7Be neutrinos, the relative precision of pep-ν rate achievable in JUNO is
also studied as a function of the exposure, as shown in Fig. 7.6. This is studied in
all four background scenarios and leaving the rates of all species free to vary. In Fig-
ure 7.6, the current best results are also shown as the black dotted and solid horizontal
lines, corresponding to with and without including systematic uncertainty (16.5% and
14.2%) [1], respectively. Overall, the precision of pep-ν measurement improves as a
function of data taking time. It can be seen from the figure that more than 6 years are
needed for JUNO in the High background scenario, in order to reach competitive preci-
sion with respect to the current best results. In other background scenarios, the relative
statistical precision will match or exceed Borexino results after ∼1 year of data taking.
Moreover, these results show that JUNO will be able to measure pep-ν flux without
any constraint on CNO-ν, for the first time, while Borexino provided the pep-ν flux
measurement by fixing CNO rate to the SSM predictions (see Sec. 4.2). In the High
Background scenario, the sensitivity results for < 2 years are not shown in Fig. 7.6,
due to high bias observed in the reconstructed rates with respect to the injected pep-ν
rate: for 0.5 year and 1 year of data taking, biases are about 6% and 3%, respectively.
Here, the bias represent the difference between injected rate and median of extracted
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Figure 7.8: Impact of the TFC parameters on the pep neutrino rate uncertainty is shown as a function
of the Tagging Power, TP (x-axis) and the Subtracted Exposure, SE (y-axis), after 6 years of data taking.
The z-axis (color scale) represents the extracted pep neutrino uncertainties relative to the pep uncertainty
when TP = 0.9 and SE = 0.7, corresponding to the ones achieved in Borexino TFC. The rate uncertainty
increases going from blue to yellow tones. Low and High Background scenarios are shown in left and
right plots, respectively. From [7].
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Figure 7.9: The pep neutrino rate relative uncertainty, normalized by the relative uncertainty obtained
for the default TFC parameters (TP = 0.9 and SE = 0.7), is shown as a function of varying TP. Here, the SE
is fixed to 0.7. The Very Low, Low, Medium, and High Background scenario trends are shown in green,
light blue, blue, and purple solid lines, respectively. From [7].

rate distribution. Moreover, for 0.5 year in the High Background case, the extracted
pep-ν rate is almost zero in many fits, as shown in Fig. 7.7 (left), as the spectral fit is not
sensitive to pep-ν in this case due to poor signal to background ratio and insufficient
exposure. However, this is not the case at low exposure for better radiopurity levels, as
shown in Fig. 7.7 (right) for the Low Background scenario with 0.5 year of data taking
time, where there is no peak for pep-ν rate∼ 0 cpd/kt and thus, no biases are observed.

As 11C is one of the most important backgrounds for the pep-ν analysis, it is nec-
essary to understand the impact of the TFC performance on the pep-ν sensitivity. As
mentioned before, the performance parameters of the TFC in JUNO are assumed to be
similar to the ones in Borexino. So, the 104 multivariate fits are performed for each TP
and SE configuration between (60 - 95)%, considering 6 years of data taking in various
radiopurity scenarios. The results from this study are shown in Fig. 7.8, for the Low
and High Background scenarios, where the color scale represents the uncertainty of
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Figure 7.10: Expected relative uncertainty of the CNO rate as a function of exposure and time (in years).
Left and right plots represent the results from multivariate fits without and with a constraint on the pep
neutrino rate, respectively. Very Low, Low, Medium, and High background scenario trends are shown
in green, light blue, blue, and purple solid lines, respectively. The Borexino results with and without
the systematic uncertainties are reported as black dotted and solid horizontal lines, respectively. Here,
each of these two errors is reported as an average of the left and right uncertainties [3]. Note that these
Borexino results have been obtained by constraining the pep neutrino rate at 1.4% precision level, as well
as using an upper limit on the 210Bi rate. As discussed in the text, the fit produces a biased result on the
CNO rate for the High Background scenario without constraining the pep rate, even after many years of
data taking and therefore, the curve corresponding to the High Background scenario is not shown in the
left plot. From [7].

pep-ν rate relative to the pep-ν error when TP = 0.9 and SE = 0.7. For the Low Back-
ground scenario, the pep-ν rate precision is almost doubled as a function of TP for a
constant SE, while changing the SE has only a slight effect. This suggests that the 11C
tagging is more crucial than having more TFC subtracted exposure. The impact of the
TFC-parameters decreases as the radiopurity scenarios worsens, as it can be seen in
the right figure shown for High Background scenario. The impact of TP on the relative
uncertainty of pep-ν rate, normalized to the pep-ν relative error with TP = 0.9 and SE
= 0.7, is shown in Fig. 7.9 for all four radiopurity scenarios. In worse radiopurity sce-
narios, the internal backgrounds (238U and 232Th decay chains) increase to such a level
that signal to background ratio is not anymore influenced by the TFC as well as 11C is
not a dominant source of background and thus, tagging of 11C has a only mild impact
on the pep neutrino rate precision.

7.2.3 CNO solar neutrinos

Similar to the sensitivity analysis for 7Be and pep neutrinos, the relative uncertainty
on the CNO neutrino rate in JUNO is also determined by performing multivariate
fits of thousands of toy datasets with the MC PDFs, where the rates of all species are
free to vary. Figure 7.10 (left) shows the relative statistical uncertainty on CNO rate,
achievable in JUNO, as a function of the exposure in different background scenarios.
The Borexino results with and without systematic errors are plotted as black dotted and
solid horizontal lines, respectively. These Borexino results are obtained by constraining
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Figure 7.11: The distributions of the extracted CNO-ν rate (red), obtained by performing multivariate
fits on 10,000 pseudo-datasets in the Medium Background scenario with 4 years of data taking. Left
and right plots show the distribution obtained without and with the pep-ν rate constraint, respectively.
The blue dashed line in each plot represents the injected rate, while the solid line illustrates the median
of the distribution. In the left plot, it can be seen that the fit is not able to extract the CNO neutrino
rate very well in this configuration, as not only the spread is large but also the extracted CNO neutrino
rate is close to zero in many fits, although no bias in the obtained median of the distribution has been
observed. Therefore, it is not shown in Fig. 7.10. However, the application of pep-ν constraint helps the
fit to disentangle the fit as illustrated on the right plot.
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Figure 7.12: Impact of the TFC parameters on the relative uncertainty of the CNO neutrino rate is shown
as a function of Tagging Power (x-axis) and Subtracted Exposure (y-axis), after 6 years of data taking in
the Low Background scenario. The color scale represents the CNO neutrino rate uncertainty relative to
the CNO rate uncertainty when TP = 0.9 and SE = 0.7. From [7].

the rates of 210Bi and pep neutrinos and the errors are reported as the average of the
left and right errors [3]. It can be seen that the CNO rate precision in JUNO overall
improves as a function of data taking time, however, the sensitivity to CNO neutrinos
is strongly dependent on the assumed radiopurity scenarios. In the Very Low and Low
Background scenarios, JUNO will reach comparable precision as achieved by Borexino
in about 4 years of data taking. However, in the Medium Background scenario (for
<6 years) and the High Background scenarios, the fit outputs for CNO rate are affected
as illustrated in Fig. 7.11 (left panel), where in many fits the extracted CNO neutrino
rate is almost zero. This implies that in this configuration, the fit has a poor sensitivity
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to CNO solar neutrinos due to its correlation with other species. Thus, they are not
shown in Fig. 7.10.

In order to enhance the sensitivity on CNO neutrinos, it is important to reduce
the correlations between CNO and pep neutrinos due to their spectral shape degen-
eracy, which can be done by constraining the pep neutrino rate at 1.4% precision level
(Sec. 4.4.1). The relative statistical uncertainties on CNO rate, achievable in JUNO by
imposing a constraint on the pep neutrino rate, as a function of the exposure in dif-
ferent background scenarios are shown in Fig. 7.10 (right). Now, the CNO sensitivity
in JUNO greatly improves, for example, in Very Low, Low, and Medium Background
scenarios, the relative precision on CNO rate reaches ≈10%, ≈12%, and ≈15% for >6
years of data taking, respectively. These results can be promising in order to solve the
solar metallicity problem, if the systematic errors are kept under control. Moreover,
the results on CNO neutrinos can be provided in the High background scenario for a
long data taking period. At about 10 years, the CNO neutrino rate can be measured
at about 31% level in the High background scenario. In addition, the extracted rates
of CNO neutrino in the Medium Background scenario for <6years no longer show any
strange behaviour, shown in Fig. 7.11 (right panel) as a result of the pep-ν constraint.
Note that, these results have been obtained without imposing a constraint on the 210Bi
rate in the spectral fit, which was used in spectral fit in Borexino as discussed in Chap-
ter 4. However, using more constraints such as the CID results, these results can be
improved further, which will be discussed in the next Chapter.

As performed for the sensitivity study to pep neutrino, the precision of CNO neu-
trino rate is also studied as a function of TFC performance parameters, since the CNO
spectrum highly overlaps with the 11C one. This is studied by considering the fit con-
figurations where all species are free to vary in all the background scenarios except
in the High Background scenario, where the CNO results are biased even for the long
data taking periods. Figure 7.12 shows the results on CNO rate uncertainty in different
TP and SE relative to the values obtained when TP = 0.9 and SE = 0.7 (the nominal
values) in the Low background scenario. The same conclusions has been achieved as
for the pep neutrinos, that is, TP is more crucial than the SE to increase the ability of the
fit to disentangle the CNO neutrinos rate.

7.2.4 13N and 15O solar neutrinos

In the analysis above, the sum of contributions from 13N, 15O, and 17F neutrinos in
the CNO-cycle, fixed according to the SSM predicted values, was utilized. In JUNO,
the sensitivity to individual components of CNO neutrinos is also studied, which has
never been achieved in any experiment so far. In the Sun, the contribution of 17F neu-
trinos is subdominant (∼1% of the total CNO flux) and its spectrum is fully degen-
erate with the 15O spectrum. Therefore, the sensitivity studies for 13N and 15O solar
neutrinos has been performed individually, where the 15O study includes 17F neutrino
contribution [263]. The extraction of relative statistical precision of 13N and 15O rates
has been performed in the two fit configurations: without and with the pep constraint,
as a function of the data taking time or the exposure. The results are shown in Fig 7.13.
It can be seen that JUNO will be sensitive to 13N and 15O neutrinos only in the Medium
Background scenario for ≥6 years of data taking, without using the pep constraint. In
the Low and Very Low Background scenarios, the detection is possible for ≥2 years,
without using the pep constraint. There is no sensitivity to either of these neutrinos in
the High Background scenario. Since the spectral shape of 15O-ν and its end point is
similar to the pep one, 15O-ν rate is generally determined with a larger error compared
to 13N-ν rate. Therefore, the 15O precision results are greatly affected by constraining
pep neutrino rate, while 13N ones are only slightly improved, as shown in the dotted
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Figure 7.13: The relative uncertainty of 13N (left) and 15O (right) neutrino rates as a function of expo-
sure and data taking time (in years), extracted from the multivariate fits of pseudo-datasets and using
separate PDFs of 13N and 15O neutrinos from the CNO-cycle. Very Low, Low, Medium, and High Back-
ground scenario trends are shown in green, light blue, blue, and purple lines, respectively. The solid
lines refer to the fit configurations, where all the species have been left free to vary. The dashed lines to
the configuration, where the rate of pep neutrinos has been constrained. In the left plot, no results for
the High Background scenario are shown due to the observed bias in the fit results. In the right plot,
the results for the High Background scenario are shown only when the constraint on pep neutrino rate
is applied. From [7].

lines in the Fig. 7.13. Moreover, the 15O rate can now be measured in the High Back-
ground scenario when using a constraint on the pep neutrino rate.

7.3 Summary

In summary, this chapter has presented the solar neutrino sensitivity studies for 7Be,
pep, and CNO solar neutrinos in an visible energy range from 0.45 MeV to 1.7 MeV as-
suming different radiopurity levels. It is shown that JUNO will be able to measure so-
lar neutrino rates with the uncertainties that are highly competitive with respect to the
current state-of-the-art in the solar neutrino field. In particular, it can be concluded that
in all considered background scenarios, JUNO will be able to measure 7Be solar neu-
trinos with an unprecedented statistical precision after a few years of data taking with
respect to the Borexino results. It is to be noted that the investigation of possible sys-
tematic errors, corresponding to the detector energy response, are beyond the scope of
this work and their effect, as expected from the experience of Borexino, is much smaller
as compared to the effect from the different background levels. After about 6 years, the
pep neutrino measurement in JUNO will also be highly competitive in all background
scenarios. For the first time, the pep neutrino rate can be measured without constrain-
ing the rate of CNO solar neutrinos, unlike performed in Borexino [1]. For the CNO
solar neutrinos, the results are highly influenced by considering different background
levels. However, using a constraint on the pep interaction rate at 1.4% level (Sec. 4.4.1),
JUNO has a potential to reduce the Borexino’s CNO neutrino measurement uncertainty
after 6 years of data taking, to 12%-19% level depending upon the background scenario
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assumed. These results have been obtained without applying a constraint on the 210Bi
rate in the spectral fit in JUNO, thanks to the large expected statistics of CNO neu-
trino as well as 210Bi events in JUNO. The relevance of TFC performance parameters
has also been studied for pep, and CNO solar neutrino measurement. Furthermore,
JUNO has the potential to measure individually for the first time the rate of the two
main components of the CNO flux, 13N and 15O solar neutrinos, except in case of the
worst radiopurity scenario. My contribution to this analysis includes performing the
spectral fits in different radiopurity levels and as a function of exposure in order to
extract JUNO’s sensitivity of 7Be, pep, and CNO solar neutrinos, as well as co-writing
the article for publication [7]. In conclusion, JUNO will play an important role in the
solar neutrino physics by significantly reducing the uncertainties on the fluxes, which
will provide insights to open issues in solar and neutrino physics.
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Chapter 8

Feasibility studies for the directional analysis of
solar neutrinos in JUNO

This chapter presents JUNO’s potential to perform the measurement of 7Be and CNO
solar neutrinos exploiting the Correlated and Integrated Directionality (CID) method.
As discussed in Chapter 5, in this method, the direction of early hits is correlated with
the solar neutrino direction, resulting in an angular distribution which is used to sta-
tistically separate neutrino events from the background ones. Here, this analysis is car-
ried out in two independent energy regions, where the contribution of 7Be and CNO
solar neutrinos is dominant, as discussed in Sec. 8.1.1. As the production of CID PDFs
requires the directional information of solar neutrino events, which is currently not
implemented in JUNO MC, the PDFs are produced using a combined JUNO MC and
toy MC approach. This approach will include the directional information of solar neu-
trino event as well as the JUNO LS and PMTs’ timing characteristics effectively for the
simulation of Cherenkov contribution, which is crucial for the CID analysis.

The inputs, taking into account specific JUNO characteristics related to the hit time
behaviour of photons in JUNO LS as well as of PMTs based on the JUNO MC, used in
the toy MC simulation, is described in Sec. 8.1.2. The toy MC simulation constructs the
PDFs utilising the information of geometrical conditions of the JUNO detector and sim-
ulating the physical processes in the detector, as reported in Sec. 8.1.3. The systematic
effect of position reconstruction bias on the CID PDFs in JUNO has also been studied in
Sec. 8.1.4. By performing the fit on pseudo-datasets created using CID PDFs as well as
applying CID results as a constraint in the spectral fit discussed in the previous chapter,
JUNO’s sensitivity to solar neutrinos improves (Sec. 8.2) and the whole analysis chain
can be adopted for future analysis with JUNO MC and the real data. These studies
have been performed in the case of six years of exposure and the Medium Background
scenario. My work includes the investigation of Cherenkov photon properties using
JUNO MC software, the development of the toy MC framework, production of the CID
PDFs, and the study of systematic effects in JUNO.

8.1 Strategy for directional analysis using CID method

This section describes the analysis strategy used for the CID analysis in JUNO. The CID
analysis is carried out in two energy regions, 0.6 MeV - 0.75 MeV and 0.8 MeV - 1.4 MeV,
where the contribution of 7Be and CNO solar neutrinos is maximal, respectively. The
pep-ν signal is not extracted using CID because the energy range of pep-ν overlaps with
the energy range of other neutrino species of interest and it will be constrained in both
ROIs to extract 7Be and CNO solar neutrinos as only the total number of neutrinos is
extracted using CID in a ROI. Moreover, the number of pep neutrino events is higher
than CNO in ROIs and its rate is most precisely known as discussed before.

The strategy to create the CID angular PDFs in JUNO is described in detail further.
As the current version of JUNO Monte Carlo software does not include the directional
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information of solar neutrinos, this analysis is performed by producing CID PDFs us-
ing a two step procedure. As mentioned before, this approach include the directional
information of solar neutrino event as well as JUNO’s timing properties for simulating
the Cherenkov contribution, which is crucial for the CID analysis. Firstly, the elec-
trons, whose energy distribution is flat in the chosen energy windows, are simulated
with JUNO MC, in order to extract the relative contribution of Cherenkov hits with
respect to the Non-Cherenkov hits (hits from the scintillation photons, dark noise hits,
and after pulse hits) including the timing behavior of the photons in the JUNO liquid
scintillator as well as of the JUNO’s PMTs (Sec. 8.1.2). The extracted information of
relative Cherenkov hit contribution in time sorted hits is now given as an input to the
toy MC simulation. The toy MC framework has been developed to construct the cos α

distribution on an Nth hit basis (see Sec. 5.2) for both solar neutrino and backgrounds,
taking into account the various physical processes in JUNO, such as the neutrino direc-
tion from the Sun, energy and angular distribution of recoiled electron, event vertices,
and PMTs’ positions, etc, as will be described in Sec. 8.1.3. This procedure allows the
inclusion of all JUNO characteristics crucial for the CID analysis in JUNO as realistic
as possible. The next stage of CID analysis is planned using the PDFs produced from
the Monte Carlo simulation software of JUNO, that will also take into account more
effects such as the directional information of solar neutrinos, the scattering of electrons
in LS, JUNO properties on a hit basis and so on. The effect of systematic contributions
of CID, mainly position reconstruction bias, has also been studied in JUNO as will be
discussed in Sec. 8.1.4.

8.1.1 Region of Interest

The CID analysis is performed in two independent energy Regions of Interests (ROIs),
which will be referred to as the 7Be ROI and the CNO ROI (see Fig. 8.1). They are se-
lected in order to maximize the contribution of 7Be and CNO solar neutrinos, respec-
tively. Similar to Chapter 7, a spherical fiducial volume cut with a radius RFV = 14 m
is chosen, which allows to neglect external backgrounds. The internal backgrounds
(namely 85Kr, 210Bi, 40K, 210Po, and the radioactive isotopes in the 238U and 232Th decay
chains), assuming the Medium Background scenario (see Chapter 6), account for ∼89%
and ∼71% of the total events in the 7Be and CNO ROIs, respectively. Furthermore, the
cosmogenic 11C background is present in the CNO ROI only, with an overlapping en-
ergy region with CNO-ν. Therefore, the Three Fold Coincidence (TFC) subtraction is
assumed, with performance parameters of TP = 90% and SE = 70%, as discussed in
Chapter 6. With the TFC algorithm, the contribution of 11C events in the CNO ROI is
approximately 27% of the total number of events. Considering all these effects, the per-
centages of total solar neutrino events are ∼11% and ∼2% in the 7Be and CNO ROIs,
respectively.

The 7Be ROI spans from 0.6 MeV to 0.75 MeV, approximately corresponding to 880
and 1125 reconstructed photo-electrons (p.e.). The CNO ROI ranges from 0.8 MeV to
1.4 MeV, corresponding to about 1200 and 2125 reconstructed p.e. Figure 8.2 shows
the types of neutrino species present in each ROI and their contribution relative to the
total signal in the respective ROIs. In the 7Be ROI, the signal comes from three solar
neutrino species: 7Be-ν (the dominant one, accounting for ∼83% of the total signal),
pep-ν (∼7%), and CNO-ν (∼10%). In the CNO ROI, the signal is composed only of the
pep (∼70% of the total signal) and CNO (∼30%) solar neutrinos, since the lower edge of
this region is higher than the 7Be-ν end point. The energy ranges of both regions were
chosen qualitatively in order to maximize the amount of solar neutrinos and limit the
contributions from crucial backgrounds (210Po for the 7Be ROI and 11C for the CNO
ROI).
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Figure 8.1: The energy distribution of pseudo-dataset (black), illustrating the 7Be (blue band) and CNO
(green band) Regions of Interest (ROIs) for the CID analysis in JUNO, assuming the Medium Back-
ground scenario and six years of data taking. The energy spectral shapes of 7Be (red solid line), pep
(orange solid line), and CNO (pink solid line) neutrinos, scaled to the number of events expected in
six years of data taking, are drawn to visualize their contribution in the ROIs. Additionally, the energy
spectral shapes of the backgrounds, assuming the Medium Background scenario and six years of data
taking with Three Fold Coincidence (TFC) subtraction, are shown as dashed lines.

8.1.2 Inputs from JUNO Monte Carlo simulations

In order to study the properties of Cherenkov and scintillation photons in JUNO MC,
the simulations of 100k electrons with a flat energy distribution is performed in both
the 7Be and CNO ROIs using the JUNO MC software (version J23.1.0-rc1). These sim-
ulations are performed at the DetSim and ElecSim levels (see Chapter 6) so that the
true timing properties of photons and its propagation in the JUNO LS as well as the
PMTs can be extracted. The events are simulated within a spherical volume of radius
of 15 m and a fiducial volume cut with a radius RFV = 14 m is applied. Events are
selected based on their true interaction position. These simulations are crucial to ex-
tract the JUNO MC based inputs for the toy MC to construct the cos α PDFs for CID
analysis, taking into account the JUNO detector’s characteristics. Figure 8.3a shows
the wavelength distribution of detected Cherenkov and scintillation photons for all se-
lected events in the CNO ROI in JUNO MC. Both scintillation (blue) and Cherenkov
(red) photons’ wavelength spectra start at about 400 nm, which is due to the absorption
of light in LS and its re-emission by the LS. The Cherenkov photons with a wavelength
λ < 400 nm are absorbed and re-emitted as the scintillation photons.

As previously discussed, the CID analysis is performed on the individual PMT hits,
regardless of their origin of optical photons or the noise. All hits from simulated events
are divided into following categories, according to their true JUNO MC information:

• Cherenkov hits: the hits caused by Cherenkov photons that have not been ab-
sorbed and re-emitted during their travel in LS.
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(a) (b)

Figure 8.2: Block representation of the relative contribution of different solar neutrino species to the
total solar neutrino signal in the (a) 7Be ROI and (b) CNO ROI.
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Figure 8.3: (a) The wavelength spectra of detected scintillation (blue) and Cherenkov (red) photon hits in
JUNO MC, including the effects of absorption and re-emission in JUNO MC (version J23.1.0-rc1). (b) The
distributions of the corrected hit-times tcorr on Hamamatsu PMTs in the CNO ROI for Cherenkov hits (in
red) and Non-Cherenkov hits (in blue) from JUNO MC (version J23.1.0-rc1). The left y-axis refers to the
Non-Cherenkov (the scintillation and noise hits) distribution, which has a unit normalization. The right
y-axis refers to the Cherenkov distribution, whose normalization corresponds to 0.0023 (see Table 8.1),
representing the fraction of Cherenkov hits. Both distributions extend to negative tcorr due to the TTS
fluctuations.

• Scintillation hits: all other hits, including the ones originated from the scintil-
lation light as well as the Cherenkov photons that were absorbed and then re-
emitted in the isotropic direction.

• Noise hits: the hits caused by the PMT noise phenomena such as the dark noise
and after pulses.

The scintillation and the noise hits are collectively referred to as the Non-Cherenkov hits.
Here, only the hits on the LPMTs are analysed, as they contribute to the dominant geo-
metric coverage of JUNO. Since the geometric coverage of SPMTs is only ∼3%, it is ex-
pected that their inclusion in the analysis would not substantially improve the results.
Moreover, the investigation of light properties in JUNO MC is performed by select-
ing either Hamamatsu PMTs only or NNVT PMTs only, in order to take into account
their different timing properties [265]. As the Cherenkov photons contribution in MC
is highly sub-dominant (∼0.16% in 7Be ROI and ∼0.25% in the CNO ROI) with respect
to the scintillation photons, the Nth hit strategy is adopted, as discussed in Chapter 5.
For each detected hit of the event, the Time of flight (TOF) corrected hit-time tcorr is
defined as follows:

tcorr = hit-time + TTS − TOF, (8.1)
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Figure 8.4: (a) The ratio of Cherenkov to total number of hits in the CNO ROI as a function of the Nth hit
on Hamamatsu PMTs (in red) and on NNVT PMTs (in blue). The maximum Cherenkov to scintillation
ratio is lower in blue distribution (∼0.010 ns) as compared to the Hamamatsu PMTs (∼0.029 ns). This is
due to the presence of high dark noise and large TTS of NNVT PMTs, which are about three and five
times larger, respectively as compared to those corresponding to Hamamatsu PMTs. (b) The ratio of
Cherenkov to the total number of hits on Hamamatsu PMTs as a function of the Nth hit in the CNO ROI
(in red) and 7Be ROI (in blue). The very first hits (until ∼4th) are dominated by the dark noise, hence
they exhibit a very small ratio (< 0.01). The contribution of the Cherenkov is maximal in the 9th and 8th

hit: the ratios reach ∼0.029 and ∼0.017 in the CNO and 7Be ROIs, respectively. After the peak, the ratio
decreases as the scintillation light becomes increasingly dominant.

where the hit-time corresponds to the time when the photon hits the photocathode,
TTS is the transit time spread of the hit PMT, and TOF is the time-of-flight of the pho-
ton, representing the time elapsed from its production to its interaction with the PMT.
For each hit, the hit-time and the TTS are stored in the MC true information of the
event, whereas the TOF is calculated analytically taking into account the JUNO detec-
tor geometry, dimensions, and the true interaction position of the event:

TOF =
(D − WL) · nLS

c
+

WL · nH2O

c
, (8.2)

where D is the distance between the true event position and the center of the hit PMT
and WL is the distance traveled by the photon in water. The refractive indices of the
liquid scintillator and of water are given by nLS and nH2O, respectively. From the recent
measurements of these quantities at λ of ∼400 nm, their values were fixed at nLS = 1.5
and nH2O = 1.355. Through trigonometric considerations, it is possible to calculate
WL:

WL = RPMT · cos θWL −
√

R2
PMT · cos2 θWL − R2

PMT + R2
LS, (8.3)

θWL =
R2

PMT + D2 − R2
evt

2 · D · RPMT
, (8.4)

where RPMT is the distance between the center of the detector and the PMT glass,
RLS = 17.82 m is the radius of the central detector plus the acrylic width, and Revt
is the distance between the center of the detector and the event position. Finally, θWL
corresponds to the angle between the two vectors defined by the detector center to the
hit PMT and event position to the hit PMT directions. The possible Rayleigh scatterings
and the refraction of light at the LS-water interface are neglected in the calculation.

Figure 8.3b shows the distribution of tcorr of Cherenkov and Non-Cherenkov pho-
ton hits on Hamamatsu PMTs only for selected events in the CNO ROI. Since the
Cherenkov photons are emitted earlier than scintillation photons, the corrected time
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Hit type 7Be ROI CNO ROI

Cherenkov 0.14% 0.23%

Re-emitted Cherenkov 1.06% 1.71%

Scintillation 86.63% 90.34%

Physical 87.83% 92.28%

Dark noise 12.14% 7.69%

After pulse 0.03% 0.03%

Noise 12.17% 7.72%

Table 8.1: Relative occurrence of various hit types on Hamamatsu PMTs in both 7Be and CNO ROIs.
Note that all hits are considered here. The so-called physical hits, which account for ∼88-92% of the total
hits, are composed of the hits caused by photons impacting on the PMTs photocathodes. They include
hits from the primary Cherenkov photons (the only ones correlated to the Sun’s position), re-emitted
Cherenkov light, and the scintillation photons. The so-called noise hits, which account for ∼8-12% of
the total hits, are mainly composed of dark noise hits and only a 0.03% of after pulses. In both the ROIs,
the vast majority of the total hits derive from the dominant scintillation light.

of Cherenkov hits is, on average, smaller. In each event, the hits are sorted in ascend-
ing order of time using their tcorr. Figure 8.4a shows the ratio of Cherenkov to the total
number of hits in the CNO ROI as a function of the sorted Nth hits for Hamamatsu
PMTs (red) and NNVT PMTs (blue). It can be seen that the maximum Cherenkov con-
tribution is about 2.9% for the early hits detected by the Hamamatsu PMTs only, while
for hits detected by NNVT PMTs only, the maximum Cherenkov contribution is ∼1%.
This is due to the fact that the high dark noise rate of the NNVT PMTs (∼20% of all
detected hits in the CNO ROI), which is approximately three times larger than the
Hamamatsu PMTs’ dark noise rate, would completely overshadow the Cherenkov hits
crucial for the CID analysis. In addition, the large TTS of NNVT PMTs, which is about
five times larger than the TTS of Hamamatsu PMTs (1.3 ns) [265], also highly smears
the hit time distributions and leads to a smaller Cherenkov to total number of hits ratio
in individual sorted hits. Therefore, the hits corresponding to Hamamatsu PMTs only
are analyzed and used further.

Figure 8.4b shows the Cherenkov to total hits ratio as a function of the sorted Nth hit
on Hamamatsu PMTs only in the two ROIs. As expected, the Cherenkov contribution
is higher at earlier hits: the maximum is reached at the 8th hit in the 7Be ROI and at the
9th hit in the CNO ROI, respectively. The peak values in the two regions are ∼0.017
and ∼0.029, respectively. Again, since the simulated electrons are more energetic in
the CNO ROI, the Cherenkov contribution in this region is more significant. Finally,
it is important to note that the very first hits (1st-4th) contain very few Cherenkov hits
since they are dominated by dark noise hits. For CID analysis, a range of Nth hits,
starting from 5th hit and comprising 26 hits in total, is chosen qualitatively based on
the Cherenkov contribution in each time sorted hit.

8.1.3 Production of cos α PDFs

In this section, the toy MC approach to construct the cos α distributions for each Nth

hit for both the solar neutrino signal and the background is described. The approach
includes the implementation of physical processes in JUNO, described below:

Sun’s position and neutrino direction: The incoming direction of solar neutrino, one
of the major ingredient for the cos α calculation, is given by the Sun’s position. The
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Figure 8.5: Distribution of the Sun’s position over 1 calendar year (2024) in the JUNO-based coordinate
system with ∼15 minutes time step.

Sun’s position is calculated using JUNO detector’s geographical coordinates (longi-
tude and latitude): 112◦31’05” E and 22◦07’05” N and the absolute time of the simu-
lated event. The obtained Sun’s altitude and azimuth in the geographical coordinates
are then transformed to the JUNO-based coordinate system, following the definition
of JUNO’s coordinate system:

θ =
π

180◦
· (90◦ − altitude), (8.5)

ϕ =
π

180◦
· (180◦ − 56.7◦ − azimuth). (8.6)

The resulting distribution of the Sun’s position over 1 calendar year starting from 2024
in the JUNO coordinate system is shown in Fig. 8.5 with a time bin of ∼15 minutes. All
these positions have been considered in the creation of the cos α PDFs for both signal
and background. It has been tested that the cos α PDFs are not affected by a different
choice in the number of years. For signal events, the neutrino direction in Cartesian
coordinates is calculated as follows:

Xdir = − sin θ · cos ϕ, (8.7)

Ydir = − sin θ · sin ϕ, (8.8)

Zdir = − cos θ. (8.9)

Scattered electron energy: The recoiled electron energy needs to be taken into ac-
count for signal as the direction of recoiled energy is dependent on it. For signal events,
the energy spectra of the recoiled e− scattered off by 7Be and pep solar neutrinos are
calculated analytically using the cross-section and survival probability functions taken
from [191, 266]. The oscillation parameters are taken from [36]. The event energy (T)
is then sampled from the calculated energy spectrum, in the energy interval of the re-
spective ROIs. The 7Be or pep solar neutrinos are chosen for PDFs production because
7Be-ν and pep-ν are dominant in the 7Be ROI and CNO ROI, respectively. For back-
ground events, as the direction of electron is independent of its energy, its energy is
not taken into account.

Electron recoil angle and direction: For signal events, the recoil angle θe between the
initial solar-ν direction and the scattered electrons is calculated using eq. 2.18. Figure
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Figure 8.6: The cosine of scattering angle (cos θe) distributions of electrons scattered by 7Be-ν (a) and
pep-ν (b). The blue curves show the cos θe distribution for all possible values of recoiled electron energy,
while the pink distributions show the cos θe for the energy regions of the CID analysis, as defined in
Section 8.1.1. The width of the pink distributions are different in (a) and (b) due to the different ROIs.
The blue distribution in (a) covers both mono-energetic 7Be lines (0.384 MeV and 0.862 MeV) and all
scattered electrons, while only recoiled electrons from the 0.862 MeV 7Be line lie in the chosen 7Be ROI.
Therefore, the heights of blue and pink distributions in (a) are slightly different.

8.6 shows the cos θe distributions of electrons scattered by 7Be-ν and pep-ν. The blue
curves represent the distributions for all possible values of energy of scattered electrons
Te in eq. 2.18, while the pink distributions correspond to cos θe values of the electrons
scattered by 7Be and pep neutrinos whose energy lies in 7Be ROI and CNO ROI, re-
spectively. Using this angle, the direction vector of recoiled electron is calculated with
respect to the solar neutrino. The direction of the recoiled electron is then transformed
to JUNO’s coordinate system using a rotation matrix. In this study, it is assumed that
the neutrino-electron scattering and the energy deposition happens at the same loca-
tion. In fact, the distance travelled by the scattered electron is negligible (∼few mm).
The Coulomb scattering of electron is not simulated. For background events, the di-
rection of the electron is random and independent from the Sun’s position.

Position of PMTs: Only Hamamatsu PMTs and their position in JUNO are consid-
ered for the production of solar neutrino and background cos α PDFs.

Fiducial volume: Both solar neutrino and background events’ positions are gener-
ated uniformly within the same spherical fiducial volume with 14 m radius.

Angle of the Cherenkov cone: The angle of the Cherenkov cone (θCher) is calculated
using an effective refractive index of n = 1.5 for the liquid scintillator:

cos(θCher) =
1

nβ
, β =

√

1 −
(

me

me + T

)2

, β = v/c. (8.10)

The average expected values of cos(θCher) are ∼0.75 and ∼0.71 in the 7Be and CNO
ROIs, respectively.

Generation of Cherenkov and Non-Cherenkov PMT hits: The following toy MC
generates directly the PMT hits for each Nth hit generation following the Cherenkov
to Non-Cherenkov ratio from the JUNO MC (Fig. 8.4b) for the solar neutrinos. For
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Figure 8.7: The cos α PDFs of neutrino signal and backgrounds: Here, the pep-ν is signal in CNO ROI,
and 7Be-ν is signal in 7Be ROI. The same background PDF is used in both ROIs, as discussed in the text.
(a) The comparison of CID cos α distribution of 9th hit from backgrounds’ (blue), signal in CNO ROI
(red), and signal in 7Be ROI (black). (b) The comparison of CID cos α distribution of various Nth hits
from signal events in the CNO ROI. (c) The comparison of CID cos α distribution of various Nth hits
from signal events in the 7Be ROI. (d) The comparison of CID cos α distribution of various Nth hits from
background events. All CID cos α distributions are normalized to unit area.

backgrounds, both Cherenkov and Non-Cherenkov PMT hits are simulated randomly
in direction, as all hits’ directions are uncorrelated to the Sun’s position.

Procedure of combined JUNO MC and toy MC

The toy MC, used to construct the cos α PDFs, is based on the Cherenkov to Non-
Cherenkov hits ratio as a function of the Nth sorted hit obtained from the JUNO MC
simulations (refer to Sec. 8.1.2 and Fig. 8.4b). In this way, the JUNO MC is exploited to
reproduce, as accurately as possible, all the physical phenomena of each event and of
its sorted hits individually. Most importantly, the relative time behaviour of detected
Cherenkov hits with respect to Non-Cherenkov hits using time-sorted hits is included
automatically, also effectively taking into account the light propagation in JUNO LS
and the electronic effects such as the dark noise and TTS of Hamamatsu PMTs.

For each signal event, the Sun’s position, neutrino direction, scattered electron ki-
netic energy and direction are calculated as explained at the beginning of this section.
Then, the several hits are simulated that represent the Nth sorted hits, starting from the
5th hit to 30th hit. Each generated hit is assigned to be Cherenkov or Non-Cherenkov
in a probabilistic way according to the Cherenkov to total hits ratio from the JUNO
MC. This probability is different for each Nth hit, following Fig. 8.4b, after taking into
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account the time ordering of hits. If a hit is assigned to be Non-Cherenkov, a random
Hamamatsu PMT is simulated to be hit as it is not correlated to the Sun’s position.
Each PMT has a probability to be hit that is inversely proportional to the squared dis-
tance between the event and PMT positions to take into account the non-uniformity of
photon collection if an event happens off-center. Otherwise, if a hit is assigned to be
Cherenkov, a random Hamamatsu PMT that lies in the Cherenkov cone is simulated
to be hit. The vertex of the Cherenkov cone coincides to the event position, its axis
corresponds to the electron direction, and its angle is evaluated through eq. 8.10.

For the background events, as the PMT hits are not correlated with the Sun’s posi-
tion, regardless of being Cherenkov or Non-Cherenkov, a random Hamamatsu PMT is
simulated to be hit, including the probability of hit PMT to be inversely proportional
to the squared distance between the background event and PMT positions. Here, the
energy dependency of background events is not simulated, as the direction of back-
ground events are uncorrelated to the Sun’s position, irrespective of their energy. So,
the same background PDFs are used in both ROIs.

The cos α values for each Nth hit and for both signal and background can be calcu-
lated using the Sun, the event, and the hit PMT positions. A large statistics of events
(∼108) for each of the signal and backgrounds is generated to build PDFs in order to
avoid statistical fluctuations. Figure 8.7a shows the comparison of cos α distributions
for 9th hit of pep (in CNO ROI) and 7Be (in 7Be ROI) solar neutrinos as well as for the
background events. Figure 8.7b, 8.7c, and 8.7d show the comparison of cos α distribu-
tions for various hits of pep-ν in CNO ROI, 7Be-ν in 7Be ROI, and background events,
respectively. One can see that the overall shapes of the cos α distributions for differ-
ent hits of solar neutrinos differ with each other due to different relative Cherenkov
photon contribution, while the shapes of the cos α distributions for different hits of
backgrounds are equivalent, except for the statistical fluctuations. The shape of back-
grounds’ cos α distribution is non-flat due to the geometric effect from the finite num-
ber of Hamamatsu PMTs and their non-uniform spatial distribution in combination
with the non-uniform position of the Sun as seen by JUNO.

8.1.4 Systematic effects

In Chapter 5, it has been discussed that the position reconstruction bias is one of the
major systematic effect for the CID analysis in Borexino. The effect of position recon-
struction bias (∆rdir) on cos α PDFs has also been investigated in JUNO. The first step
is to produce the distribution of ∆rdir calculated using eq. 5.6 for all selected events in
fiducial volume of radius 14 m, which are simulated with JUNO MC as in Sec. 8.1.2.
The ∆rdir distribution obtained is shown in Fig. 8.8a and the mean of the distribution
is 1.25 ± 0.34 cm. In order to obtain this distribution, the MC simulation including the
event reconstruction stage has been performed.

As discussed in Sec. 8.1.2, the true vertex of simulated event is used for TOF correc-
tion to produce the distribution of Cherenkov to total number of hits ratio as a function
of Nth hits. The impact of using reconstructed event position for TOF correction is also
studied to produce the distribution of Cherenkov to total hits ratio as function of Nth

hits. Figure 8.8b shows the comparison of the ratio of Cherenkov to total number of
hits as function of Nth hits with reconstructed vertices (blue) and with using true ver-
tices (red) of events. It can be seen that using the reconstructed event position for TOF
calculation does not significantly influence the Cherenkov hit contribution relative to
the total number of hits as function of Nth hits, that is, the maximum ratio changes
from 0.029 to 0.028 after using the reconstructed event position in TOF calculation in
eq. 8.2.
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Figure 8.8: Position reconstruction bias in JUNO: (a) Distribution of ∆rdir parameter evaluated using
eq. 5.6 for each simulated electron event using JUNO MC in true energy range of 0.8-1.4 MeV and
fiducial volume of radius 14 m. The distribution has mean of 1.25 ± 0.34 cm. (b) The comparison of the
ratio of Cherenkov to total number of hits as a function of Nth hits obtained using TOF correction for hits
of each event with its reconstructed vertex (blue) and with using true vertex (red). (c) Comparison of
the CID angular distributions for solar neutrinos, without (red) and with (black) ∆rdir, in order to show
the effect of ∆rdir on the cos α calculation.

The effect of ∆rdir parameter on the cos α distribution of signal events in JUNO is
shown in Fig. 8.8c, where in the cos α calculation, the biased vertex (⃗rbiased) with respect
to uniformly generated event position (⃗rgen) in the direction of scattered e- (d⃗true) is
used in toy MC. The biased vertex is calculated as:

r⃗biased = r⃗gen + ∆rdir · d⃗true, (8.11)

where ∆rdir is sampled from Fig. 8.8a. These studies have shown that the systematic
effect of ∆rdir parameter on signal PDFs is negligible (∼0.1%). The reason can be at-
tributed to the large detector size of JUNO as compared to Borexino (Chapter 5), where
a bias of 1-2 cm is negligible as compared to the long distance travelled by the photons
in JUNO. The systematic uncertainty associated to the position reconstruction bias are
not included in this proof of principle analysis for JUNO. More comprehensive stud-
ies on the influence of position reconstruction bias will be studied using JUNO MC
studies, where the simultaneous impact of position reconstruction bias on both TOF
correction on the hit-time and on the shape of cos α distribution of early hits of the
same event will be analyzed, which is a limitation of the toy MC approach.

Other major systematic uncertainty, the group velocity correction for Cherenkov
photons relative to the scintillation photons, is planned to be studied using the PDFs
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produced from JUNO MC simulated solar neutrino events, where the expected pre-
cision of this parameter can be estimated using the calibration γ sources or using the
7Be solar neutrinos in 7Be ROI by following the approach adopted in Chapter 5. Then,
the effect of obtained precision of the group velocity parameter can be included for
extracting the CNO solar neutrinos in CNO ROI. However, these approaches has their
own limitations, that is, the γ sources are not optimal as the reconstruction of γ direc-
tion posed a large systematic error in Chapter 5 and the calibration in 7Be ROI can not
be performed if 7Be solar neutrinos also need to be measured using CID. Therefore, a
calibration strategy of a possible electron source is under study, in which the direction
of emitted electron is known [267].

As the goal of this analysis is to provide the proof of principle of CID method for
solar neutrinos in JUNO and the systematic errors in JUNO are not expected to be
larger than the ones in Borexino, the systematic uncertainties are not included here.

8.2 Sensitivity estimation

This section is dedicated to summarize the potential of the CID analysis in JUNO by
performing sensitivity studies using the neutrino and background cos α PDFs pro-
duced in the previous section. To do so, 104 toy datasets are generated by randomly
sampling cos α PDFs [268]. Here, the contributions from both neutrino and background
species are summed according to the expected statistics for the Medium Background
scenario in the two ROIs for six years of data taking. The number of expected neutrino
and background events used to create the toy dataset are reported in Table 8.2. Each toy
dataset consists of 26 cos α histograms for each Nth hit in the range of 5th-30th hit. The
generated toy dataset is fitted with a model comprising of the signal and background
PDF of each Nth hit simultaneously using a χ2 function, as discussed in Chapter 5. In
the fit, the total number of solar neutrinos Nν is the only free parameter and to obtain
resulting Nν, a ∆χ2 profile is produced for each fit in each ROI.

The fit results for only one dataset in both 7Be and CNO ROIs are shown in Fig. 8.9
and Fig. 8.10, respectively. The plots show the cos α distribution of 5th, 7th, 8th, 9th,
10th, 15th, 25th, and 30th hits of data (black) and the best fit distribution (red) under
the assumption of the Medium Background scenario for 6 years of data taking. The
background only hypothesis is shown in blue. The resulting distribution of relative
uncertainty of Nν, extracted from 104 fits in each ROI are shown in the left panel of
Fig. 8.11, with median of about 9% and 3% in CNO and 7Be ROIs, respectively. The
∆χ2 profiles produced in each fit for both ROIs are also shown as orange lines in the
right panel Fig. 8.11.

The sensitivity to CNO and 7Be neutrinos has been studied by subtracting the con-
tribution of solar neutrinos of non-interest in each ROI. For this, a median profile of all
∆χ2 profiles produced in each fit in each ROI is obtained, shown as a black curve in
the right panel Fig. 8.11, and is transformed into the probability distribution. Using the
convolution method discussed in Sec. 5.6.5 and assuming both high and low metallicity
SSM predictions on pep neutrino interaction rate, the resulting distribution of number
of CNO neutrinos in JUNO is obtained and converted in interaction rate (cpd/kt) as
shown in Fig. 8.12. The extracted CNO-ν rate is 50.1± 15.0 cpd/kt with a relative un-
certainty of about 30%. The same procedure is performed in the 7Be ROI to analyse
the CID sensitivity to 7Be neutrinos in JUNO. The contributions of pep, and CNO so-
lar neutrinos are subtracted through the convolution. The probability distribution of
pep neutrino interaction rate in JUNO is built using SSM predictions, as the one used
in CNO ROI. The distribution of CNO is derived from the results obtained in CNO
ROI, so that the amount of CNO-ν subtracted is not influenced by the SSM metallicity
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7Be ROI CNO ROI

N(7Be) 6.38 × 105 -

N(pep) 0.55 × 105 1.34 × 105

N(CNO) 0.73 × 105 0.57 × 105

Nν 7.66 × 105 1.91 × 105

N(210Po) 5.2 × 103 -

N(85Kr) 9.1 × 104 -

N(210Bi) 2.38 × 106 1.24 × 106

N(40K) 5.2 × 105 1.06 × 106

N(238U) 2.16 × 106 2.46 × 106

N(232Th) 9.4 × 105 9.2 × 105

N(11C) - 2.13 × 106

Nbkg 6.10 × 106 7.81 × 106

Nν
Nbkg

1.3 × 10−1 2.5 × 10−2

Table 8.2: Expected number of solar neutrinos (Nν) and background (Nbkg) events, with the contribution
of each species within the two ROIs of interest of CID analysis after six years of data taking and with
a fiducial volume of RFV = 14 m. For signal events, the number of expected events is calculated using
high-metallicity SSM predictions (see Table 6.4). For the estimation of background event contribution,
the Medium Background scenario is assumed [268].

scenarios which are significantly different to each other (∼28%). The resulting distri-
bution of number of 7Be neutrinos in JUNO is obtained and converted in interaction
rate (cpd/kt) as shown in Fig. 8.12. The extracted 7Be-ν rate is 489± 23 cpd/kt with a
relative uncertainty of about 4.7%.

By including the CID analysis results into the spectral fit discussed in Chapter 7,
the sensitivity results on 7Be and CNO solar neutrinos is further improved. In order to
achieve this, the extracted results on Nν from CID fit only in the two ROIs are included
as the Gaussian likelihood pull terms in the total likelihood discussed in Sec. 7.1.2. For
this, 104 energy spectral fits are performed on the toy datasets in the energy range of
0.45-1.7 MeV as described in Sec. 7.1.2 using the likelihood maximisation assuming the
Medium Background scenario and 6 years of data taking.

The sensitivity to 7Be and CNO neutrinos in JUNO are extracted in three configu-
ration: spectral fit (SF) only, SF + 1-CID constraint, and SF + 2-CID constraints. In SF
+ 1-CID constraint case, the spectral fit for CNO (7Be) analysis includes one CID con-
straint obtained in CNO (7Be) ROI, while in SF + 2-CID constraints scenario, both CID
constraints are added. Figure 8.13 shows the extracted relative uncertainty on CNO
and 7Be rate in all three configurations. Table 8.3 reports the median relative uncer-
tainty on CNO and 7Be rate in three fit configurations. Using SF only, the median rela-
tive uncertainty on CNO and 7Be rate are 18.8 +4.0

−2.8 % and 0.4624+0.0028
−0.0023 %, respectively.

The uncertainties are obtained by taking the distance between median and the 68% C.L
band extremes. To follow the strategy adopted in Chapter 7, no constraint is set on pep
neutrinos to obtain 7Be rate, while to obtain CNO results, a Gaussian pull term on pep
neutrinos rate is additionally applied. The impact of including CID constraints in the
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Figure 8.9: Fit example of the cos α distributions in the 7Be ROI for six years of data taking in the
Medium Background scenario. The cos α distributions of the 5th, 7th, 8th, 9th, 10th, 15th, 25th, and 30th

hits are shown. The toy datasets are represented by black points and the best fit functions are shown in
red lines. The background only hypothesis is shown in blue. From [268].

spectral fit is evident for the CNO relative uncertainty distribution, whose median sen-
sitivity improves to 14.0+2.7

−1.9 % and 11.6+1.9
−1.5 % in case of one and two CID constraints,

respectively. However, the precision on 7Be neutrinos rate is governed by the spectral
fit and only a tiny improvement is observed: 0.4420+0.0019

−0.0018 % and 0.4375+0.0018
−0.0018 % using

one and two CID constraints, respectively.
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Figure 8.10: Fit example of the cos α distributions in the CNO ROI for six years of data taking in the
Medium Background scenario. The cos α distributions of the 5th, 7th, 8th, 9th, 10th, 15th, 25th, and 30th

hits are shown. The toy datasets are represented by the black points and the best fit functions are shown
in red lines. The background only hypothesis is shown in blue. From [268].

8.3 Summary

In summary, this chapter has reported the analysis strategy used to evaluate the JUNO
sensitivity to measure 7Be and CNO neutrinos, exploiting the CID method described
in Chapter 5. The CID analysis is performed in the two energy regions of interests,
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Figure 8.11: CID analysis results for 6 years of data-taking under Medium Background conditions: Left
panel: the distribution of relative uncertainties of Nν obtained with 104 independent toy datasets in
CNO ROI (up) and in 7Be ROI (bottom). Right panel: the example ∆χ2(Nν) profiles, shown as orange
lines in CNO ROI (up) and in 7Be ROI (bottom). The final profile is selected as the median of the profiles
and is shown in black. From [268].

0.6 MeV - 0.75 MeV and 0.8 MeV - 1.4 MeV, where the contribution of 7Be and CNO so-
lar neutrino is maximal, respectively. As the CID method exploits the time sorted de-
tected hits of each event, the cos α PDFs are produced for each Nth hit using a combined
JUNO MC and a toy MC approach. In this approach, the relative Cherenkov contribu-
tion, taking into account effectively the JUNO LS characteristics and including PMTs’
timing properties, is extracted using JUNO MC simulation software. Using this as an
input, the PDFs of CID angular distributions for the signal are produced for each se-
lected Nth hit of an simulated event using a toy MC framework, that also simulates the
physical processes inside JUNO as realistic as possible. This approach includes the di-
rectional information of solar neutrino event, which is lacking in the current version of
the JUNO MC and its implementation is under progress. In order to study and include
the systematic effects in the CID analysis, a calibration strategy of a possible electron
source is under study, in which the direction of emitted electron is known [267]. The
PDFs of background events, whose hit direction is uncorrelated to the Sun’s position,
are also produced using the toy MC simulation. The investigation of Cherenkov pho-
ton properties, development of toy MC framework, and production chain of CID PDFs
encompasses my work. I have also studied the systematic effect of position reconstruc-
tion bias on the CID PDFs in JUNO, which has been found to be negligible and more
studies from JUNO MC with direction information of the event will be performed. Us-
ing these PDFs, the relative precision of 7Be and CNO neutrino rate in JUNO has been
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Figure 8.12: Results of the CID only analysis in the CNO ROI (left) and 7Be ROI (right) assuming the
Medium Background scenario and six years of data taking. Left: Reconstructed CNO interaction rate
(blue line) is obtained by subtracting the pep neutrinos contribution. Right: Reconstructed 7Be inter-
action rate (blue line) is obtained by subtracting the pep and CNO neutrinos contributions from the
CID results. The blue and orange boxes correspond to the SSM predictions in the high and low metal-
licity scenarios, respectively for CNO and 7Be neutrino rate. The patterned area under the histogram
corresponds to the 68% confidence interval, around the median value, of the resulting distribution.
From [268].

Configuration R(7Be) relative uncertainty [%] R(CNO) relative uncertainty [%]

SF 0.4624+0.0028
−0.0023 18.8+4.0

−2.8

SF + 1-CID 0.4420+0.0019
−0.0018 14.0+2.7

−1.9

SF + 2-CID 0.4375+0.0018
−0.0018 11.6+1.9

−1.5

Table 8.3: JUNO sensitivity to 7Be and CNO neutrinos in three different configurations: SF stands for the
spectral fit analysis discussed in Chapter 7. The SF + 1-CID configuration represents the results obtained
by adding an additional constraint based on the CID results obtained in CNO ROI (for CNO neutrinos)
and 7Be ROI (for 7Be neutrinos), while SF + 2-CID represents the results with both CID constraints
obtained in the CNO and 7Be ROIs [268].

extracted using the CID analysis only as well as using the CID results as constraint in
the spectral fit discussed in the previous chapter. These studies have been performed
in the case of six years of exposure and the Medium Background scenario. Not only
the results obtained using this approach show the improvement in the sensitivity re-
sults in JUNO, especially to CNO solar neutrinos, demonstrating the promising poten-
tial of CID method in JUNO, but also this approach has led to the understanding of
Cherenkov light properties in JUNO and the development of whole analysis chain as
well as it paved the way for the future analysis with JUNO MC framework.
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Figure 8.13: Relative error distributions of the CNO and 7Be solar neutrinos in the left and right panels,
respectively. The distributions obtained with the spectral fit only are shown in blue. The red distri-
butions illustrate the results obtained by applying a constraint based on the CID results obtained in
the CNO ROI (for CNO neutrinos) and 7Be ROI (for 7Be neutrinos). The green distributions report the
results obtained when both CID constraints are applied. Note that all distributions correspond to the
Medium Background scenario and six years of data taking. From [268].
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Conclusion and outlook

This thesis has presented the analysis strategy and results of the recent solar neutrino
measurements with the Borexino experiment and the future potential with the JUNO
experiment.

The dominant process for nuclear fusion reactions in the Sun is the proton-proton
(pp) cycle. The Carbon-Nitrogen-Oxygen (CNO) fusion cycle is a subdominant pro-
cess in the Sun, where C,N, and O catalyzes its energy production mechanism of the
hydrogen to helium conversion. The CNO cycle is hypothesized to be a primary nu-
clear fusion sequence in heavier stars. The motivation for the CNO solar neutrino flux
measurement lies in deriving information on the metallicity of the Sun’s core and pro-
vides a solution towards the "solar metallicity problem". Metallicity is a crucial input
to the Standard Solar Model (SSM) and is generally classified to into two based on
the Sun’s photospheric measurements: low-metallicity (LZ) and high-metallicity (HZ).
The Borexino experiment took data from May 2011 to October 2021, where the com-
plete data-taking period is divided into three: Phase-I (May 2007 - May 2010), Phase-II
(December 2011 - May 2016), and Phase-III (July 2016 - October 2021). In Chapter 4,
an updated CNO solar neutrino measurement has been carried out with the Borexino
experiment, using its recent data in Phase-III from January 2017 to October 2021. The
measured CNO-ν rate corresponds to 6.7+2.0

−0.8 cpd/100 t and this translates to a CNO-ν
flux of (6.6+2.0

−0.9)×108 cm−2s−1, taking into account the neutrino oscillation and matter
effects. The null hypothesis of no CNO-ν signal has been excluded with about 7σ C.L.
This analysis uses a multivariate spectral fit of data with Monte Carlo (MC) probabil-
ity density functions (PDFs), which exploits the energy and radial information of the
signal and background events. I have co-produced the data and MC PDF inputs for
the spectral fit undergoing a series of selection cuts and quality checks, and I also per-
formed the final multivariate fit to obtain CNO-ν rate. The crucial backgrounds for
the CNO-ν analysis are pep-ν and the β-decaying 210Bi, because their spectral shapes
are similar to the recoiled electron spectra by CNO-ν. A symmetric constraint on the
pep-ν rate is used, which is estimated with 1.4% precision level from the global analysis
of all independent solar-ν data, theoretical predictions, and the error on the neutrino
oscillation parameters. The asymmetric constraint on 210Bi rate has been obtained by
estimating the minimum rate of its daughter 210Po in an so-called Low Polonium Field
(LPoF). Thanks to the thermal insulation campaign of Borexino, this region is almost
free of 210Po contribution, that was brought from the nylon vessel surface by convec-
tive currents, which were caused by seasonal and man-made temperature changes.
An upper limit on 210Bi rate has been obtained by fitting the 210Po data, which is se-
lected using a pulse shape discrimination (PSD) technique, with a model describing
its spatial distribution in LPoF. I have contributed towards the determination of model
parameter, representing the inefficiency of PSD, taking into account the selection of
some β-like events as the 210Po candidates. The final upper limit on the 210Bi interac-
tion rate is 10.8±1.0 cpd/100 t, which has been used in the spectral fit to obtain CNO-ν
rate. The updated CNO measurement has been used to evaluate C+N abundance rel-
ative to the hydrogen abundance, corresponding to (5.78+1.86

−1.00)× 10−4, which has been
compared with the independent measurements of the Sun’s photosphere to provide
insights on the solar metallicity problem. This result is in a good agreement with the
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HZ compilations, while it features a ∼2σ tension with the LZ ones. This analysis used
8B-ν flux from the global analysis of independent data from all solar neutrino experi-
ments, breaking the ambiguity due to opacity and metallicity degeneracy. This is the
first determination of C+N solar abundances using the solar neutrinos. The future ex-
periments could provide a crucial element to access the longstanding solar metallicity
problem, by providing more precise measurements on the CNO-ν flux.

A directional measurement of sub-MeV solar neutrinos has been provided with the
Borexino experiment in Chapter 5. This marks the first analysis of solar neutrinos
using directional Cherenkov light in a liquid scintillator detector. The method, that
has been developed and exploited in this analysis, is referred to as the Correlated and
Integrated Directionality (CID) technique. In this method, the direction of the early
photons of an event is correlated to the well known position of the Sun, where the di-
rection of photons is given by the reconstructed position of the event and the hit PMT
position. This is integrated over a large number of events, which results in a CID angu-
lar distribution. The proof-of-principle analysis of CID was done in the 7Be-ν shoulder
energy region, based on a favorable signal to background ratio. The CID angular dis-
tributions of the first two hits of data events have been fitted with the MC PDFs of
solar neutrino and background CID angular distributions, with optimised number of
bins. I have performed the optimisation of number of bins using a sensitivity analysis.
The first two hits, which are sorted in time, are optimised to maximise the sensitiv-
ity for fast and directional Cherenkov photons, whose contribution is subdominant
(∼0.4% of all hits) with respect to the isotropic and dominant scintillation light. From
a χ2 fit, the total number of solar neutrinos (7Be+pep+CNO) in the selected energy re-
gion is extracted. The major sources of systematic uncertainties include the position
reconstruction bias ∆rdir and the effective correction of the Cherenkov group veloc-
ity gvcch. The parameter gvcch has been estimated with ∼36% relative uncertainty
using the γ calibration sources from the year 2009 used in Borexino. As the deterio-
ration of the detector response at a level of sub-nanosecond precision with time can
not be excluded, this correction has been considered valid only for Phase-I and there-
fore, the CID analysis is performed in Phase-I only. The parameter gvcch has been
constrained using a Gaussian pull term in the fit. The ∆rdir parameter cannot be con-
strained due to the lack of a dedicated source, where the direction of the e− is known
and therefore, it is treated as a free nuisance parameter. Various other systematic ef-
fects have also been studied and included. In this regard, my contribution includes
the study of various systematic effects on the shape of simulated background PDFs,
including development of a toy MC framework. The null hypothesis of no solar neu-
trinos in the region of interest has been excluded with >5σ significance, by solely using
their directionality. The inferred total number of solar neutrino events using CID in
Phase-I is 10,887+2,386

−2,103(stat.)± 947(syst.). The expected value using SSM predictions is

10,187+541
−1,127 events and thus, the CID measurement is well in agreement with the SSMs.

The result on the 7Be interaction rate, after fixing the sub-dominant contributions of the
CNO and pep solar neutrinos from the SSM predictions and including the systematic
uncertainties is 51.6+13.9

−12.5 (stat. + syst.) cpd/100t. In addition, the background-only hy-
pothesis is found to be incompatible with the data of all the three Borexino phases with
a significance of >5σ, and a detection of solar neutrinos is performed only using their
directionality, without any Cherenkov calibration.

In Chapter 5, the CID method has also been exploited to perform CNO-ν measure-
ment, where no constraint on 210Bi background rate has been applied. For this, an
energy region of about (0.85-1.3) MeV is selected, where the pep-ν and CNO-ν are the
dominant signal including a small contribution (∼1% of all events) from 8B solar neu-
trinos. This energy region is independent from the 7Be shoulder energy region, used
before. The 7Be shoulder energy region has been used to calibrate the gvcch parameter
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by performing the CID analysis, where the number of solar neutrinos are now con-
strained to the SSM predictions and the gvcch parameter is free to vary. This analysis
has been performed in Phase-I and Phase-II+III, separately, in order to compare the
gvcch results with the one obtained using calibration sources and investigate the vari-
ation of detector response over time. With this new strategy, the gvcch parameter can
now be obtained for all phases of Borexino and it can be used in the same data taking
period for the CNO-ν measurement. I estimated the expected number of solar neutri-
nos used for the constraint and performed the fit to extract gvcch in the 7Be shoulder
energy region. Moreover, in contrast to the previous proof-of-principle analysis, the
number of early hits chosen for this analysis corresponds to ≲15, which has been sup-
ported by the sensitivity studies and MC simulations. Thanks to the maximised early
number of hits up to ∼15, not only the direct information from Cherenkov photons up
to ∼4 hits can be used, but also the information from the position reconstruction bias
influencing the shape of signal CID angular distribution up to ∼15 hits, can also be
exploited. I have performed the optimisation of bins and the sensitivity analysis for
the number of hits selection in the CID analysis. Using the gvcch results as a pull term
constraint in the fit, the number of solar neutrino events is obtained in CNO energy
region. By estimating the Bayesian posterior distribution and constraining non-CNO
solar neutrinos, the exclusion of no-CNO hypothesis is provided at about 5.3σ credible
interval for all combined phases using CID only. The final CID result for the CNO-ν
rate, using the full dataset of Borexino is 7.2+2.8

−2.7 cpd/100 t. This method has provided
an alternative approach with respect to the standard multivariate analysis. I have also
contributed by performing the CID fits to extract the final results as well as evaluat-
ing the systematic uncertainties. Finally, the CID results has been combined with the
standard multivariate fit performed on Phase-III data, to obtain the CNO interaction
rate = 6.7+1.2

−0.8 cpd/100 t. The significance against the absence of a CNO signal is now
increased to about 8σ.

The above results in Borexino have shown the proof of principle for the CID method.
In addition, a combined solar neutrino analysis approach using CID and the multivari-
ate spectral fit has also been demonstrated. The future liquid scintillator experiments
can benefit from CID, without any need of specialised hardware or LS mixtures. The
sensitivity of CID could be improved by performing a dedicated e− Cherenkov calibra-
tion, in order to reduce the major uncertainties arising from the position reconstruction
bias and the Cherenkov group velocity correction.

In Chapter 7, JUNO’s sensitivity to 7Be, pep, and CNO solar neutrinos has been
explored in a visible energy region of (0.45-1.7) MeV. Here, the sensitivity study is
performed using MC based pseudo-experiments, where toy datasets are created from
the energy PDFs of each neutrino and background components, which are obtained
from the MC simulations. The contribution of different types of solar neutrinos in the
pseudo-data is fixed to the SSM predictions. The internal background contributions
are fixed assuming different radiopurity scenarios of JUNO. I performed the fits of
pseudo-data with MC PDFs as a function of the exposure in various radiopurity levels
and extracted the relative precision of 7Be, pep, and CNO solar neutrino rates in JUNO,
which are quoted as the sensitivity results. Thanks to the large statistics of solar neu-
trinos that will be accumulated by JUNO, it can provide solar neutrino measurements
with the best precision so far. In all radiopurity cases, JUNO can provide 7Be-ν mea-
surements with unprecedented statistical precision after a few years of data-taking.
Even in the so-called High Background case, the 7Be solar neutrinos can be measured
with a relative error of ≈1% for long periods of data taking. The statistical precision
for 7Be-ν measurements has also been studied in the case of unforeseen levels of some
backgrounds and the backgrounds that can be present out-of-equilibrium from their
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parent decay chain, which has been observed in other solar neutrino experiments. Af-
ter about 6 years, the pep neutrino measurement in JUNO will also be highly competi-
tive in all background scenarios with respect to the current measurements. It has also
been shown that the pep neutrino rate can be measured without constraining the rate
of CNO solar neutrinos for the first time. For the CNO solar neutrinos, the results are
highly influenced by considering different background levels. JUNO has a potential
to reduce the CNO neutrino measurement uncertainty to 12%-19% level, after 6 years
of data taking and depending upon the background scenario assumed. These results
have been obtained using a constraint on pep-ν rate, but without applying a constraint
on the 210Bi rate in the spectral fit in JUNO. Furthermore, JUNO has the potential to
measure individually for the first time the rate of the two main components of the CNO
flux, 13N and 15O solar neutrinos, except in the case of worst radiopurity scenario. In
this study, a perfect knowledge of detector response as well as of the spectral shape of
neutrino and background energy distributions is assumed and the investigation of the
corresponding possible systematic errors is beyond the scope of this dissertation.

Chapter 8 reported the CID analysis strategy to evaluate JUNO’s sensitivity to mea-
sure the 7Be and CNO neutrinos. The two energy regions of interests, (0.6 - 0.75) MeV
and (0.8 - 1.4) MeV have been chosen, where the contribution of 7Be and CNO solar
neutrino is maximal, respectively. Using a combined JUNO MC and a toy MC ap-
proach, the CID angular PDFs are produced for each time sorted hit for the solar neu-
trino events. In this approach, the relative Cherenkov contribution, taking into account
effectively the JUNO LS characteristics and including PMTs’ timing properties, is ex-
tracted using JUNO MC simulation software. Using this as an input, the CID PDFs
are produced using a toy MC framework, that also simulates the physical processes
inside JUNO as realistic as possible. I performed the study of Cherenkov properties in
JUNO MC and the development of toy MC framework to produce the CID PDFs. This
approach includes the directional information of the solar neutrino events, which is
lacking in the current version of JUNO MC and its implementation is under progress.
I also produced the PDFs of background events using the toy MC simulation. I have
also studied the systematic effect of position reconstruction bias on the CID PDFs in
JUNO, which has been found to be negligible and more studies with the JUNO MC
with directional information are foreseen. Finally, the expected precision of 7Be and
CNO neutrino rate in JUNO has been extracted using the CID analysis only, where the
pseudo-experiments based on the toy MC developed PDFs are performed. Moreover,
the CID results have also been used as a constraint in the spectral fit, assuming six
years of exposure and the Medium Background scenario. The obtained preliminary
results show the improvement in the sensitivity results in JUNO, especially for the
CNO solar neutrinos, which demonstrates the promising potential of the CID method
in JUNO. The presented analysis has also led to the understanding of Cherenkov light
properties in JUNO. This combined MC analysis has been useful for the development
of the whole analysis chain as well as it paved the way for the future analysis with the
JUNO MC framework. In future, the Cherenkov calibration studies can also be done
by adopting the methods developed in Borexino, in order to estimate the precision of
gvcch that can be achieved in JUNO and to evaluate final sensitivity to the solar neu-
trinos using CID. In addition, a calibration strategy of a possible electron source is also
under study.
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Appendix A

Effective group velocity correction of
Cherenkov photons for CNO solar neutrino
analysis using CID with Borexino
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Figure A.1: Illustration of the best fit results in RoIgvc for Nth hits ≤ 4, that contain direct Cherenkov
information, of events in the Phase-I period. The CID data is shown in black points and the best fit
distribution is shown in red. For comparison, the background PDF (blue), scaled to the total number of
events, is also shown.
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Figure A.2: Illustration of the best fit results in RoIgvc for some individual Nth hits > 4, that contain
indirect Cherenkov information, of events in the Phase-I period. The CID data is shown in black points
and the best fit distribution is shown in red. For comparison, the background PDF (blue), scaled to the
total number of events, is also shown. It can also be observed that the indirect Cherenkov effect reduces
as a function of Nth hit, which has been discussed in Sec. 5.6.2.
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Figure A.3: Illustration of the best fit results in RoIgvc for Nth hits ≤ 4, that contain direct Cherenkov
information, of events in the Phase-II+III period. The CID data is shown in black points and the best fit
distribution is shown in red. For comparison, the background PDF (blue), scaled to the total number of
events, is also shown.
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Figure A.4: Illustration of the best fit results in RoIgvc for some individual Nth hits > 4, that contain
indirect Cherenkov information, of events in the Phase-II+III period. The CID data is shown in black
points and the best fit distribution is shown in red. For comparison, the background PDF (blue), scaled
to the total number of events, is also shown. It can also be observed that the indirect Cherenkov effect
reduces as a function of Nth hit, which has been discussed in Sec. 5.6.2.
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Appendix B

CNO solar neutrino measurement using CID
with Borexino
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Figure B.1: Illustration of the best fit results in RoICNO for Nth hits ≤ 4, that contain direct Cherenkov
information, of events in the Phase-I period. The CID data is shown in black points and the best fit
distribution is shown in red. For comparison, the background PDF (blue), scaled to the total number of
events, is also shown.
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Figure B.2: Illustration of the best fit results in RoICNO for some individual Nth hits > 4, that contain
indirect Cherenkov information, of events in the Phase-I period. The CID data is shown in black points
and the best fit distribution is shown in red. For comparison, the background PDF (blue), scaled to the
total number of events, is also shown. It can also be observed that the indirect Cherenkov effect reduces
as a function of Nth hit, which has been discussed in Sec. 5.6.2.
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Figure B.3: Illustration of the best fit results in RoICNO for Nth hits ≤ 4, that contain direct Cherenkov
information, of events in the Phase-II+III period. The CID data is shown in black points and the best fit
distribution is shown in red. For comparison, the background PDF (blue), scaled to the total number of
events, is also shown.
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Figure B.4: Illustration of the best fit results in RoICNO for some individual Nth hits > 4, that contain
indirect Cherenkov information, of events in the Phase-II+III period. The CID data is shown in black
points and the best fit distribution is shown in red. For comparison, the background PDF (blue), scaled
to the total number of events, is also shown. It can also be observed that the indirect Cherenkov effect
reduces as a function of Nth hit, which has been discussed in Sec. 5.6.2.
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Appendix C

PMT hit time correction for CNO solar neutrino
measurement using CID in Borexino
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Figure C.1: The 100 χ2 profiles as a function of gvcch, where each χ2 profile is obtained by propagating
the PMT hit correction uncertainty discussed in Sec.5.6.3 through Gaussian smearing.

0 0.2 0.4 0.6 0.8 1

data/NsolarN

990

1000

1010

1020

1030

1040

2
χ

Figure C.2: The 100 χ2 profiles as a function of Nsolar/Ndata ratio, where each χ2 profile is obtained by
propagating the PMT hit correction uncertainty discussed in Sec.5.6.4 through Gaussian smearing.
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