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Introduction

All matter around us is mainly constituted by three particles: protons and neutrons,
which make up the atomic nucleus, and electrons, which form the atomic shell. The
Universe, however, reveals a great deal of other particles, present from its very beginning,
immediately after the Big Bang. Among the still existing particles, one of the strangest
and most elusive is the neutrino.

Neutrinos (ν) are neutral particles with a very low mass, which permeate the Universe
and are constantly produced in many processes involving radioactive decays as well as
nuclear fusion in stars. The most powerful neutrino source near the Earth is the Sun.
In the core of the Sun, a series of nuclear reactions produce neutrinos. Two distinct
processes, the main proton-proton (pp) fusion chain and the sub-dominants carbon-
nitrogen-oxygen (CNO) cycle, are responsible for the solar energy production. In such
processes, electron neutrinos (νe) with different energy spectra and fluxes are generated.
The Sun is producing a great amount of neutrinos: the solar neutrino flux at the Earth
distance is about 6× 1010 cm−2s−1.

Because neutrino interact only via the weak interaction, they can easily penetrate
huge thicknesses of matter while keeping their original features, thus allowing the study
of phenomena directly connected to their origin. Indeed, while photons produced in the
fusion take some hundred thousand years to travel across the 7 × 105 km solar radius,
neutrinos take a bit more than 2 seconds. After an additional 8 minutes they reach the
Earth, providing precious information concerning energy production processes in the
Sun and stars in general.

Since 1970’s, solar neutrino experiments have proved to be sensitive tools to test both
astrophysical and elementary particle physics models. The experimental observation of
neutrinos is extremely complex due to the very low interaction rates of the neutrino
with matter. In order to face this problem, huge experimental detectors have been
realized and placed in underground areas to avoid the background generated by cosmic
rays. Solar neutrino detectors were first built to demonstrate that the sun is powered
by nuclear fusion reactions. Until mid 2011, only 7Be (from the reaction e− + 7Be →
7Li + νe), 8B (from the reaction 8B → 8Be + e+ + νe), and indirectly pp (from the
reaction p + p → 2H + e+ + νe) solar neutrino fluxes from the proton-proton chain
have been measured.

The number of solar νe observed in the experiments carried out for several years has
always been lower than the one predicted by the astrophysical model which describe the
behaviour of the Sun, the Standard Standard Model. The solution to this solar neu-
trino problem is neutrino oscillation. The phenomenon consider the possibility that the
three types of existing neutrino (νe, νµ and ντ ) can change their flavor while travelling.
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Experiments involving solar neutrinos and reactor anti-neutrinos have shown that solar
neutrinos undergoes flavor oscillation: a solar neutrino, born as a νe, may change flavor
in the propagation from the Sun core to the terrestrial detector. If the experimental
detectors devoted to study solar neutrinos are designed to detect only (or mainly) elec-
tron neutrinos, there will be a relevant decrease in the amount of neutrinos measured
on the Earth. Such decrease explain the difference between the expected value of the
theoretical models and the experimental data.

Results from solar neutrino experiments are consistent with the so called Mikheyev-
Smirnov-Wolfenstein Large-Mixing-Angle (MSW-LMA) oscillation model, which pre-
dicts a transition from vacuum-dominated to matter-enhanced oscillations, resulting in
an energy dependent electron neutrino survival probability (Pee). Non-standard neu-
trino interaction models formulate Pee curves that deviate significantly from MSW-
LMA, particularly in the 1-4 MeV transition region. The mono-energetic 1.44 MeV pep
solar neutrinos, generated in the reaction p + e− + p → 2H + νe which belong to
the pp chain and whose Standard Solar Model predicted flux has one of the smallest
uncertainties, are an ideal probe to evidence the MSW effect and test other competing
oscillation hypotheses.

The detection of neutrinos resulting from the CNO cycle has important implications
in astrophysics, as it would be the first direct evidence of the nuclear process that is
believed to fuel massive stars. The total CNO solar neutrino flux is similar to that of the
pep neutrinos, but its predicted value is strongly dependent on the inputs of the solar
modelling, being 40% higher in the High Metallicity (GS98) than in the Low Metallicity
(AGSS09) solar model. The measurement of the CNO solar neutrino flux may help to
resolve the solar metallicity problem.

The Borexino experiment at Laboratory Nazionali del Gran Sasso is designed to per-
form solar neutrino spectroscopy below 2 MeV. The key feature that allow Borexino to
pursue this physics program is its ultra low background level. The Borexino detector
employs a target mass of ∼ 300 tons of organic liquid scintillator, contained inside a
13.7 m diameter steel sphere, which in turn is located in a steel tank filled with ultra-
pure water, in order to reduce the background arising from the natural radioactivity of
the mountain rock. A solar neutrino, while interacting with an electron inside the target
mass, induces the emission of scintillation light which is detected by the ∼ 2000 photo-
multipliers tubes (PMTs) placed in the inner surface of the steel sphere. The amount
and the time pattern of PMT hits in each event allows respectively to reconstruct the
energy of the recoiled electron and the position of the scattering interaction. The po-
tential of Borexino has already been demonstrated in the high precision measurement
of the 862 keV 7Be solar neutrino flux.

This thesis is devoted to the first direct measurement of the pep and CNO solar
neutrino interaction rate in the Borexino experiment. The detection of pep and CNO
solar neutrinos in Borexino requires novel analysis techniques, as the expected signal
interaction rate in is only a few counts per day in a 100 ton target, while the dominant
background in the relevant energy region, the cosmogenic β+ emitter 11C, produced in
the scintillator by cosmic muon interactions with 12C nuclei, is about 10 times higher.
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The experimental activity

The Ph.D. work presented in this thesis has been carried out within the Borexino
collaboration. My activity started on January 2009 and was carried out up to the end
of 2011.

My main contributions throughout this period has been on the tuning of the Monte
Carlo simulation of the Borexino detector and on the measurement of the pep and CNO
solar neutrino interaction rates.

In the context of the Monte Carlo simulation of Borexino, my main contribution has
been the high precision tuning of the energy and time response of the detector. This has
been performed by improving the code related to the simulation of physical processes
and the response of the electronics and tuning the related parameters. The accuracy
of the simulation has been verified with data obtained during the detector calibration
campaign, which I participated.

I have been leading the analysis of the pep and CNO neutrino rate with another grad-
uate student, Alvaro Chavarria. In this context, my contributions have been mainly in
the development, test and tuning of novel techniques for removing the 11C cosmogenic
background (the Three Fold Coincidence method and β+/β− pulse shape discrimina-
tion), the development of the probability density functions used in the fit, the develop-
ment and test of the multivariate likelihood used in the analysis, and the evaluation of
the statistical significance of the measurement and systematic uncertainties.

Such contributions led to the necessary sensitivity to provide the first direct detection
of the pep solar neutrinos and the best limits on the CNO solar neutrino flux up to date.
The results have been published in Physical Review Letters [1] and highlighted with a
Synopsis by the APS.

The thesis layout

Chap. 1 presents a review of the current status of neutrino oscillations. The neutrino
oscillations in vacuum and matter are introduced, and the phenomenology of neutrino
oscillations is discussed.

In Chap. 2 the Standard Solar Model and the MSW effect are described. The obser-
vations of solar neutrinos, the discovery of solar neutrino oscillations and the current
understanding of the MSW-LMA oscillation scenario are reviewed.

Chap. 3 reviews the detection of solar neutrinos in the Borexino experiment.
Chap. 4 presents a description of the Borexino detector response and its Monte Carlo

simulation. The tuning of the the energy and time response of the detector simulation
is described.

Chap. 5 reports on the analysis of the pep and CNO solar neutrino interaction rate
in Borexino, which led to the first direct measurement of the pep solar neutrino flux and
the best limit of the CNO solar neutrino flux to date.
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Chapter 1

Neutrino oscillations

1.1 Introduction
Neutrinos are neutral leptons with tiny mass [2]. It is a well established experimental
fact that the neutrinos (and antineutrinos) are of three types of flavours: electron,
νe (and ν̄e), muon, νµ (and ν̄µ), and tauon ντ (and ν̄τ ). The notion of flavour is
dynamical: νe is the neutrino which is produced with e+, or produces an e− in charged
current weak interaction processes (i.e. neutrinos or antineutrinos emitted in radioactive
β decays are νe); νµ is the neutrino which is produced with µ+, or produces µ− (i.e.
neutrinos emitted in charged pion decay π+ → µ+ +νµ are νµ); ντ is the neutrino which
is produced with τ+, or can produce τ− when absorbed [2, 3, 4, 5].

There are several neutrino sources in our world, because neutrinos and antineutrinos
play a crucial role in many natural or human-made processes. The stars are very
important neutrino sources: two distinct nuclear fusion processes, the main pp fusion
chain and the sub-dominant CNO cycle power the stars, leading to the production of
electron neutrinos with different energy and fluxes. The Sun is a very powerful neutrino
source: the flux of solar neutrinos at Earth is ∼ 6 × 1010 neutrinos cm−2s−1, and the
energy of solar neutrinos is between 0-18 MeV [6]. The result of this PhD thesis is
the first experimental detection of the mono-energetic 1.44 MeV solar pep neutrinos,
which belong to the pp chain, and new limits on CNO solar neutrinos. Therefore, the
mechanism of production, propagation, and detection of solar neutrinos will be covered
in detail in the following sections.

Neutrinos are also a product of natural radioactivity: nuclear transitions, such as β
decay, allow for the changing of the atomic number Z, with no change in the atomic
mass A. The basic scheme of such nuclear reactions are:

(Z, A)→ (Z + 1, A) + e− + ν̄e (β− decay) (1.1)

(Z, A)→ (Z - 1, A) + e+ + νe (β+ decay) (1.2)

(Z, A) + e+ → (Z - 1, A) + νe (electron capture) (1.3)

where (Z, A) represents a nucleus with atomic number Z and mass number A. Nuclear β
decay processes have 3 particles in the final state, so the kinetic energy spectrum of the
emitted neutrinos (and therefore of the emitted electrons or positrons) is continuous.
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The electron capture process have 2 particles in the final state, therefore the kinetic
energy of the neutrino (and of the final state nucleus) in the centre of momentum
reference frame is single-lined1, because of the conservation of energy and momentum.
Nuclear β+ decays and electron capture contribute, within the pp chain and CNO cycle,
to power the Sun (Sec. 2.4).

Geo-neutrinos (geo-ν̄e) are electrons antineutrinos produced in β− decays of 40K and
of several nuclides in the chains of long-lived radioactive isotopes 238U and 232Th, which
are naturally present in the Earth [7].

Neutrinos are also continuously created by high energy cosmic rays impeding on the
Earth’s upper atmosphere. The dominant atmospheric neutrino production mechanism
comes from pion decay. The interaction of cosmic ray protons with nitrogen nuclei
in the atmosphere lead to the production of charged pions, kaons, and other charged
mesons: p+ 16N → π+, K+, D+, etc. A positively charged pion decay most of the times
into an antimuon and a muon neutrino (π+ → νµ + µ+), and the antimuon will decay
into an antimuon neutrino, an electron neutrino and a positron (µ+ → ν̄µ + e+ + νe).
The energy range atmospheric neutrinos is ∼ 1− 100 GeV [8].

A Supernova explosion, happening when a star at least 8 times more massive than
the sun collapses, releases an enormous amount of energy (∼ 1051−53 ergs) with a sudden
burst neutrinos of ∼10 second duration. All type of neutrino flavours are emitted in a
Supernova event. Supernova neutrinos were detected for the first time (also last time,
so far) in 1987 by the Kamiokande detector [9]. The flux of Diffuse Supernova Neutrino
Background (DSNB), composed by the neutrinos emitted from all the Supernova bursts
in the past, is expected to be several tens per square centimetre per second. However,
supernova relic neutrinos have not been detected so far [10].

In operating nuclear reactors, 235U, 238U, 239Pu, and 241Pu undergo fission reaction
after absorbing a neutron. The fission products are generally neutron-rich unstable
nuclei and perform β decays until they become stable nuclei. One ν̄e is produced in
each β− decay. Typical modern commercial light-water reactors have thermal powers
of the order of 3 GWth. On average each fission produces ∼ 200 MeV and ∼ 6 ν̄e per
second, resulting in 6× 1020 ν̄e production per second [11, 12].

Neutrinos can also be created at accelerator facilities. High-statistics and narrow
neutrino beams are produced from the decay of focused high-energy π mesons and the
subsequent decay of muons [4].

The experiments with solar, atmospheric, reactor and long-baseline accelerator neu-
trinos have provided compelling evidences for the existence of neutrino oscillations, i.e.
transitions in flight between the different flavour neutrinos νe, νµ, ντ (antineutrinos ν̄e,
ν̄µ, ν̄τ ), caused by nonzero neutrino masses and neutrino mixing. The current under-
standing of the neutrino mixing and oscillations is outlined in this chapter.

The chapter is organised as follows. In Section 1.2 I review the role of the neutrino and
its interactions in the Standard Model of particle physics. In Section 1.3, the neutrino
flavor mixing and neutrino oscillations are introduced. The basic equations for neutrino
oscillations in vacuum are derived. Section 1.4 describes the neutrino oscillations in
matter. In Section 1.5 I review the phenomenology of neutrino oscillations.

1 assuming that the kinetic energy in the initial state is negligible
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1.2 Neutrinos in the Standard Model of particle physics
Among the three different flavour neutrinos and antineutrinos, no two are identical. To
account for this fact, in the framework of quantum mechanics, the states which describe
different flavour neutrinos are orthogonal: 〈νl′ |νl〉 = δl′l, 〈ν̄l′ |ν̄l〉 = δl′l, and 〈ν̄l′ |νl〉 = 0.
The flavour of a given neutrino is Lorentz invariant. It is also well known from the
existing data (all neutrino experiments were done so far with relativistic neutrinos or
antinueutrinos), that the flavour neutrinos νl (antineutrinos ν̄l), are always produced
in weak interaction processes in a state that is predominantly left-handed (LH) (right-
handed (RH)). To account for this fact, νl and ν̄l are described in the Standard Model
(SM) by a chiral LH flavour neutrino field νlL(x), l = e, µ, τ . For massless νl, the
state of νl (ν̄l) which the field νlL(x) annihilates (creates) is with helicity -1/2 (helicity
+1/2). If νl has a non-zero mass m, the state of νl (ν̄l) is a linear superposition of
the helicity -1/2 and +1/2 states, but he helicity +1/2 state (helicity -1/2 state) enters
into the superposition with a coefficient ∝ m/E, E being the neutrino energy, and thus
is strongly suppressed. In the framework of the Standard Model of particle physics,
the LH flavour neutrino field νlL(x), together with the LH charged lepton field lL(x),
forms an SU(2)L doublet. In the absence of neutrino mixing and zero neutrino masses,
νlL(x) and lL(x) can be assigned one unit of the additive lepton charge Ll and the three
charges Ll (l = e, µ, τ) are conserved by the weak interaction (at least at the lowest
order in perturbation theory).

In the Standard Model of particle physics, neutrinos interactions are described in
the Electroweak Sector. The standard electroweak model is based on the gauge group
SU(2) × U(1), with gauge bosons W i

µ (i = 1, 2, 3, and µ is the four-vector index), and
Bµ for the SU(2) and U(1) factors, respectively, and the corresponding gauge coupling
constants g and g′. The LH fermion field of the ith fermion flavour family transforms as

SU(2)L doublets Ψi =

(
νi
l−i

)
and

(
ui
d′i

)
, where d′i ≡

∑
j Vij dj, and V is the Cabibbo-

Kobayashi-Maskawa mixing matrix. The RH fields are SU(2) singlets. In the Standard
Model there are three fermion families and one single complex Higgs doublet which is
introduced for gauge vector bosons and charged leptons mass generation.

After spontaneous symmetry breaking, the ElectroWeak Lagrangian density for the
fermion fields ψi can be written [2]:

LF =
∑
i

ψ̄i

(
i∂ −mi −

gmiH

2MW

)
ψi (1.4)

− g

2
√

2

∑
i

Ψ̄iγ
µ(1− γ5)(T+W+

µ + T−W−
µ )Ψi (1.5)

−e
∑
i

qiψ̄iγ
µψiAµ (1.6)

− g

2 cos θW

∑
i

ψ̄iγ
µ(giV − giAγ5)ψiZµ ; (1.7)

θW = tan−1(g′/g) is the electroweak mixing angle; e = g sin θW is the positron electric
charge; A = B cos θW +W 3 sin θW is the (massless) photon field; W± = (W 1∓ iW 2)/

√
2

and Z = −B sin θW +W 3 cos θW are the massive charged and neutral weak boson fields
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respectively; T+ and T− are the weak isospin raising and lowering operators.
The vector and axial-vector couplings are:

giV = t3L(i)− 2qi sin
2 θW (1.8)

giA = t3L(i) (1.9)

where t3L(i) is the weak isospin of fermion i (+1/2 for νi and ui; -1/2 for li and di), qi
is the charge of the fermion i in units of e.

The terms describing neutrino interactions in the electroweak Lagrangian are the
second and the fourth. The second term represents charged-current weak interaction.
For example, the coupling of a W boson to an electron e and an electron neutrino νe is

− e

2
√

2 sin θW

[
W−
µ ēγ

µ(1− γ5)νe +W+ν̄eγ
µ(1− γ5)e

]
. (1.10)

For momenta small compared to MW , this term gives rise to the effective four-fermion
interaction with the Fermi constant given by GF

√
2 = g2/8M2

W . The fourth term in
the electroweak Lagrangian is the weak neutral-current interaction.

At present there is no evidence for the existence of states of relativistic neutrinos
(antineutrinos) which are predominantly right-handed (left-handed), νR (ν̄L). If RH
neutrinos and LH antineutrinos exist, their interaction with matter should be much
weaker than the weak interaction of the flavour LH neutrinos and RH antineutrinos;
for this reason, νR (ν̄L) are often called sterile neutrinos (antineutrinos) [13]. In the
formalism of the Standard Model, the sterile νR and ν̄L can be described by SU(2)L
singlet RH neutrino fields. In this case, νR and ν̄L have no gauge interactions, i.e., do
not couple to the weak W± and Z0 bosons. If present in an extension of the Standard
Model, the RH neutrinos can play a crucial role in the generation of neutrino masses
and mixing, and in understanding of the remarkable disparity between the magnitudes
of neutrino masses and the masses of charged leptons and quarks.

1.3 Neutrino mixing and oscillations
Solar neutrino experiments (Homestake [14], Kamiokande [15], GALLEX-GNO [16, 17,
18], SAGE [19], Super-Kamiokande [20, 21], SNO [22, 23, 24], Borexino [25, 26, 1]),
atmospheric neutrino experiments (Super-Kamiokande [27, 28]), reactor neutrino ex-
periments (KamLAND [29, 30, 31], DoubleChooz [32]), and long-baseline accelerator
neutrino experiments (K2K [33], MINOS [34, 35, 36], Opera [37], T2K [38]) have pro-
vided compelling evidences for the existence of neutrino oscillations, transitions in flight
between the different flavour neutrinos νe, νµ, ντ (antineutrinos ν̄e, ν̄µ, ν̄τ ), caused by
nonzero neutrino masses and neutrino mixing [39, 40].

The existence of flavour neutrino oscillations implies that if a neutrino of a given
flavour, say νe, with energy E is produced in some weak interaction process, at a
sufficiently large distance L from the νe source the probability to find a neutrino of a
different flavour, say νµ, P (νe → νµ;E,L), is different from zero. P (νe → νµ;E,L)
is called the νe → νµ oscillation or transition probability. If P (νe → νµ;E,L) 6= 0,
the probability that νe will not change into a neutrino of a different flavour, the νe
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Survival Probability P (νe → νe;E,L) will be smaller than one. If only electron neutrinos
νe are detected in a given experiment, and they take part in oscillations, one would
observe a disappearance of electron neutrinos on the way from the νe source to the
detector. As a consequence of the results of the experiments quoted above, the existence
of oscillations of the solar νe, atmospheric νµ and ν̄µ, accelerator νµ and reactor ν̄e,
driven by nonzero neutrino masses and neutrino mixing, was firmly established. There
are strong indications that, under certain conditions, the solar νe transitions are affected
by the solar matter (Sec. 2.4 and [41, 42]).

Oscillation of neutrinos are a consequence of the presence of flavour neutrino mixing,
or lepton mixing. In the framework of a local quantum field theory, used to construct
the Standard Model, this means that the LH flavour neutrino fields νlL(x) which enter
into the expression for the lepton current in the CC weak interaction Lagrangian (1.5),
are linear combinations of the fields of three (or more) neutrinos νi, having masses
mi 6= 0:

νlL(x) =
∑
i

UliνiL(x), l = e, µ, τ, (1.11)

where νiL(x) is the LH component of the field of νi possessing a mass mi and U is the
neutrino mixing matrix. Eq (1.11) implies that the individual lepton charges Ll, l =
e, µ, τ are not conserved. Thus, the neutrino state created in the decay W+ → l+ + νl
is in the state

|νl〉 =
∑
i

U∗li|νi〉 (1.12)

where the sum extend up to all massive neutrino states. This superposition of neutrino
mass eigenstates, produced in association with the charged lepton of flavour l, is the
state we refer to as the neutrino of flavour l.

All existing compelling data on neutrino oscillation can be described assuming 3
flavour neutrinos and 3 massive neutrino states [2]. In this description, the mixing
matrix U is then a 3 × 3 unitary matrix. Assuming CPT invariance, the unitarity of
U guarantees that the only charged lepton a νl can create in a CC weak interaction is
a l, with the same flavour as the neutrino [39, 40].

The process of neutrino oscillation is quantum mechanical to its core, and it is a
consequence of the existence of nonzero neutrino masses and neutrino (lepton) mixing.
The complete derivation of the neutrino oscillation probability would require a full wave
packet treatment for the evolution of the massive neutrino states [43]. Here is presented
a simplified version of this derivation, with no use of wave packet formalism, corre-
sponding to a plane-wave description. This derivation accounts only for the movement
of the centre of the wave packet describing νi, and is valid only for the propagation of
neutrinos in vacuum. A derivation of the neutrino oscillation probability in the matter
is given in section 1.4. The amplitude for the oscillation να → νβ, Amp(να → νβ), is a
coherent sum over the contributions of all the νi:

Amp(να → νβ) =
∑
i

U∗αi Prop(νi) Uβi (1.13)

where Prop(νi) is the amplitude for a νi to propagate from the source to the de-
tector. From elementary quantum mechanics, the propagation amplitude Prop(νi) is
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exp[−imiτi], where mi is the mass of νi, and τi is the proper time that elapses in the νi
rest frame during its propagation. By Lorentz invariance, miτi = Eit− piL, where L is
the lab-frame distance between the neutrino source and the detector, t is the lab-frame
time taken for the beam to traverse this distance, and Ei and pi are, respectively, the
lab-frame energy and momentum of the νi component of the neutrino.

In the oscillation probability, only the relatives phases of the propagation amplitudes
for different mass eigenstates will have physical consequences. The relative phase of
Prop(νi) and Prop(νj), δφij, is given by

δφij = (pj − pj)L− (Ei − Ej)t (1.14)

To an excellent approximation, t ' L/v̄, where v̄ = (pi + pj)/(Ei + Ej) is an approx-
imation to the average of the velocities of the νi and νj components of the beam. For
relativistic neutrinos, which corresponds to the conditions in both past and currently
planned future neutrino oscillation experiments [2], v̄ ' c, and E =

√
p2 +m2 ' p

with extremely small deviations proportional to m2/E. With these approximations,
the relative phase of the amplitude for different mass eigenstates becomes

δφij ' (m2
j −m2

i )
L

2E
. (1.15)

The phase difference δφij is Lorentz-invariant. The amplitude of oscillation να → νβ for
neutrino with energy E, at distance L from the source is:

Amp(να → νβ) =
∑
i

U∗αi e
−im2

iL/2E Uβi . (1.16)

The oscillation probability in vacuum is then

P (να → νβ;E,L) = δαβ

− 4
∑
i>1

Re(U∗αiUβiUαjU
∗
βj) sin2[1.27∆m2

ij(L/E)]

− 2
∑
i>j

Im(U∗αiUβiUαjU
∗
βj) sin[2.54∆m2

ij(L/E)] . (1.17)

Here, ∆m2
ij = m2

i −m2
j is in eV2, L is in km, and E is in GeV, and the identity

∆m2
ij(L/4E) ' 1.27 ∆m2

ij(eV
2)
L(km)

E(GeV )
(1.18)

has been used. This expression is valid if neutrino propagation happens in vacuum.
If the neutrino propagates in matter, the coherent scattering on electrons can lead to
regeneration effects, and modify the expression for the oscillation probability [41, 42].
Matter effects in neutrino oscillation are described in Sec. 1.4 and Sec. 2.5.

It follows from Eq. (1.17) that in order for neutrino oscillation to occur, at least two
massive neutrinos states νi should have different mass, and lepton mixing should take
place. The neutrino oscillation effects are relevant if

|∆m2
ij|L

2E
≥ 1 (1.19)
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One can relate the oscillation probabilities for neutrinos and antineutrinos, assuming
that CPT invariance holds:

P (ν̄α → ν̄β) = P (νβ → να) . (1.20)

But, form Eq. (1.17) we see that

P (νβ → να;U) = P (να → νβ;U∗) . (1.21)

Thus, when CPT invariance holds,

P (ν̄α → ν̄β;U) = P (να → νβ;U∗) (1.22)

That is, in vacuum, the probability for oscillation of an antineutrino is the same as
for a neutrino, except that the mixing matrix U is replaced by its complex conjugate.
Thus, if U is not real, and if all the terms in U are different from zero, the neutrino
and antineutrino oscillation probabilities can differ by having opposite values of the last
term in Eq (1.17), and this imply a violation of CP invariance. However, even if CP
invariance holds in neutrino mixing, neutrino and antineutrino oscillation probabilities
can be different when the propagation occurs in matter, because of the different coherent
scattering amplitudes for neutrinos and antineutrinos in the matter (see Sec. 1.4 and
Sec. 2.5).

The data of neutrino oscillations experiments can be often analysed assuming 2-
neutrino mixing (see Sec. 1.5 for the phenomenology behind this approximation):

|νl〉 = cos θ|ν1〉+ sin θ|ν2〉, |νx〉 = − sin θ|ν1〉+ cos θ|ν2〉, (1.23)

where θ is the neutrino mixing angle in vacuum, and νx is another flavour neutrino,
x = l′ 6= l. In this case, the oscillation probability equations become [44]:

P 2ν(νl → νl) = 1− sin2 2θ sin2

(
∆m2L

4E

)
(1.24)

P 2ν(νl → ν ′l) = 1− P 2ν(νl → νl) (1.25)

The survival probability depends on two factors: on sin2
(

∆m2L
4E

)
, which exhibits oscil-

latory dependence on the distance L and on the neutrino energy E (hence the name
neutrino oscillations), and on sin2 2θ, which determines the amplitude of the oscilla-
tions. In order to observe the neutrino oscillations, two conditions have to be fulfilled:
the mixing angle should be different from zero, large enough to allow the detection of the
disappearance or appearance of neutrinos, and ∆m2L>̃2E, otherwise the oscillations
do not have enough space to develop on the way to the neutrino detector.

If the dimensions of the neutrino source or the size of the detector are not negligible
in comparison with the oscillation length, or the energy resolution of the detector is
not high enough, the oscillating term will be averaged out, leading to a flat, energy
independent survival probability:

P 2ν(νl → νl) = 1− 1

2
sin2 2θ. (1.26)

This approximation holds for sub MeV solar neutrinos, such as solar pp νs. For solar
neutrinos with energy above 1 MeV, such as pep νs and 8B νs, matter effects are relevant,
leading again to an energy dependent neutrino survival probability (see Sec. 2.5).
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1.4 Matter effects in neutrino oscillations
The presence of matter can change drastically the pattern of neutrino oscillations: neu-
trinos can interact with the particles forming the matter. When, for instance, νe and
νµ propagates in matter, they can scatter on electrons (e−), protons (p) or neutrons
(n) present in matter. Accordingly, the Hamiltonian of the neutrino system in matter,
Hm = H0 +Hint, differs from the Hamiltonian in vacuum H0, being Hint the interaction
Hamiltonian describing the interaction of neutrinos with the particles of matter.

The incoherent elastic and the quasi-elastic scattering have a negligible effect on the
solar neutrino propagation in the Sun and on the solar, atmospheric, accelerated and
reactor neutrino propagation in the Earth: even in the centre of the Sun, where the
matter density is relatively high (∼ 150 g/cm3), a νe with energy of 1 MeV has a mean
free path with respect of the indicated scattering processes of ∼ 1010 km. The solar
radius is much smaller: R� = 6.96 · 105 km, and almost all the solar neutrinos can
escape the Sun easily.

The νe and νµ coherent elastic scattering on the particles of matter generates non-
trivial indices of refraction of the νe and νµ in matter [41]: k(νe) 6= 1, k(νµ) 6= 1, and
k(νe) 6= k(νµ). The indices of refraction for νe and νµ are different because in the or-
dinary matter there are no muons or muonic atoms, and the difference k(νe) − k(νµ)
is determined essentially by the difference of the real parts of the forward νe - e− and
νµ - e− elastic scattering amplitudes [41]. Due to the flavour symmetry of the neutrino
- quark (neutrino - nucleon) neutral current interaction, the forward νe - p, n and νµ
- p, n elastic scattering amplitudes are equal and therefore do not contribute to the
difference of interest. The imaginary parts of the forward scattering amplitudes (re-
sponsible, in particular, for decoherence effects) are proportional to the corresponding
total scattering cross-sections and in the case of interest are negligible in comparison
with the real parts. The real parts of the νe, µ − e− elastic scattering amplitudes can
be calculated in the Standard Model. To leading order in the Fermi constant GF , only
the tree-level amplitude with exchange of a W±-boson contributes to the process. One
finds the following result for k(νe)− k(νµ) in the rest frame of the scatters [41, 45]:

k(νe)− k(νµ) = − 1

E

√
2GFNe , (1.27)

where Ne is the electron number density in matter and E is the energy of the neutrino.
Given k(νe)− k(νµ), the system of evolution equations describing the νe ↔ νµ oscil-

lations in matter reads [41]:

i
d

dt

(
Ae(t, t0)
Aµ(t, t0)

)
=

(
−ε(t) ε′

ε′ ε(t)

)(
Ae(t, t0)
Aµ(t, t0)

)
(1.28)

where Ae, µ(t, t0) is the amplitude probability to find νe, µ at time t of the evolution of
the system if at time t0 the neutrino νe or νµ has been produced and

ε(t) =
1

2
[
∆m2

2E
cos 2θ −

√
2GFNe(t)], ε

′ =
∆m2

4E
sin 2θ. (1.29)

The term
√

2GFNe(t) in ε(t) accounts for the effects of matter on neutrino oscillation.
The system of evolution equations describing the oscillations of antineutrinos ν̄e ↔ ν̄µ in
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matter has exactly the same form except for the matter term in ε(t) which changes sign.
The effect of matter in neutrino oscillations is usually called the Mikheyev, Smirnov,
Wolfenstein (or MSW) effect.

Consider first the case of νe ↔ νµ oscillations in matter with constant density:
Ne(t) = Ne = const. Due to the interaction term Hint in Hm, the eigenstates of
the Hamiltonian of the neutrino system in vacuum |ν1,2〉 are not eigenstates of Hm. The
eigenstates |νm1,2〉 of Hm are related to |νe,µ〉 by the unitary transformation:

|νe〉 = |νm1 〉 cos θm + |νm2 〉 sin θm, |νµ〉 = −|νm1 〉 sin θm + |νm2 〉 cos θm. (1.30)

Here θm is the neutrino mixing angle in matter [41],

sin 2θm =
tan 2θ√

(1− Ne
Nres
e

)2 + tan2 2θ
, cos 2θm =

1−Ne/N
res
e√

(1− Ne
Nres
e

)2 + tan2 2θ
, (1.31)

where the quantity

N res
e =

∆m2 cos 2θ

2E
√

2GF

' 6.65 · 106 ∆m2[eV2]

E[MeV]
cos 2θcm−3NA (1.32)

is called (for ∆m2 cos 2θ > 0) resonance density [42, 45], NA being Avogadro’s number.
The probability of νe ↔ νµ transition in matter with Ne = const has the form [41]

P 2ν
m (νe → νµ) = |Aµ(t)|2 =

1

2
sin2 2θm

(
1− cos 2π

L

Lm

)
(1.33)

where Lm = 2π/(Em
2 − Em

1 ) is the oscillation length in matter, being the difference of
the adiabatic states |νm1,2〉

Em
2 − Em

1 =
∆m2

2E

(
(1− Ne

N res
e

)2 cos2 2θ + sin2 2θ

) 1
2

(1.34)

As Eq. 1.31 indicates, the dependence of sin2 2θm on Ne has a resonance character [42].
Indeed, if ∆m2 cos 2θ > 0, for any sin2 2θ 6= 0 there exists a value of Ne given by N res

e ,
such that when Ne = N res

e we have sin2 2θm = 1. This implies that the presence of
matter can lead to a strong enhancement of the oscillation probability P 2ν

m (νe → νµ)
even when the νe ↔ νµ oscillations in vacuum are suppressed due to a small value of
sin2 2θ. For obvious reasons

N res
e =

∆m2 cos 2θ

2E
√

2GF

(1.35)

is called the resonance condition [42, 45], while the energy at which the resonance
condition holds, for given Ne and ∆m2 cos 2θ, is referred as the resonance energy, Eres.

Two limiting cases are Ne � N res
e and Ne � N res

e . If Ne � N res
e , we have from

Eq. 1.31, θm ' θ, and neutrinos oscillate practically as in vacuum. In the limit Ne �
N res
e one finds θm ' π/2 (cos 2θm ' −1) and the presence of matter suppresses the

νe ↔ νµ oscillations. In this case |νe〉 ' |νm2 〉, |νµ〉 = −|νm1 〉, νe piratically coincides
with the heavier matter eigenstates, while νµ coincides with the lighter one.
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Since the neutral current weak interaction of neutrinos in the Standard Model is
flavour symmetric, the formulae and results obtained in this session are valid for the
case of νe - ντ mixing and νe ↔ ντ oscillation in matter as well. The case of νµ -
ντ mixing, however, is different: to a relatively good precision k(νµ) ' k(ντ ) and the
νµ ↔ ντ oscillations in the matter of the Sun and the Earth proceed piratically as in
vacuum.

The analogs equations for the oscillation of antineutrinos, ν̄e ↔ ν̄µ, in matter can
formally be obtained by replacing Ne with (−Ne). Depending on the sign of ∆m2 cos 2θ,
the presence of matter can lead to resonance enhancement either of the νe ↔ νµ or of
the ν̄e ↔ ν̄µ oscillations, but not of both type of oscillations. This disparity between
the behaviour of neutrinos and that of antineutrinos is a consequence of the fact that
the ordinary matter in the Sun or in the Earth is not charge-symmetric (it contains e−,
p, n, but does not contain their antiparticles) and therefore the oscillations in matter
are neither CP nor CPT invariant [46]. Thus, even in the case of 2 neutrino mixing and
oscillations, P 2ν

m (νe → νµ(τ)) 6= P 2ν
m (ν̄e → ν̄µ(τ)).

The high energy solar neutrino (νe) data evidences that ∆m2 cos 2θ > 0 in the solar
sector of neutrino oscillation. In particular, the observed deficit of solar νe with energy
> few MeV can only be explained with the MSW enhancement happening in the prop-
agation of the neutrinos from the centre to the surface of the Sun (see Sec. (2.5)). The
solar 1.44 MeV pep νs, whose first time experimental detection is the subject of this
thesis, have an ideal energy to probe the MSW effect in the energy region between the
vacuum dominated and matter enhanced regime of oscillation.

1.5 Phenomenology of neutrino oscillations

All existing neutrino oscillation data2 can be described assuming 3-flavour neutrino
mixing. The data on the invisible decay width of the Z0 boson is compatible with only
3 light flavour neutrinos coupled to Z0 [49, 2]. It follows from the existing data that at
least 3 of the neutrinos νj must be light and must have different masses.

The neutrino oscillation probabilities depends on ∆m2
ij = (m2

i − m2
j) and on the

mixing matrix U . On the other hand, a given experiment searching for neutrino oscil-
lation is characterised by the average energy of the neutrinos being studied, Ē, and by
the source-detector distance L. The requirement in Eq. (1.19) determines the minimal
value of a generic neutrino mass squared difference to which the experiment is sensi-
tive. Because of the interference nature of neutrino oscillations, oscillation experiments
can probe, in general, rather small values of ∆m2. Values of min(∆m2) characterising
qualitatively the sensitivity of different experiments are given in Table 1.1.

In the case of 3-neutrino mixing, there are only two independent neutrino masses
squared differences, say ∆m2

21 and ∆m2
31. The numbering of massive neutrinos νi is

conventional. It follows from neutrino oscillation experiments that one of the two inde-
pendent neutrino mass squared differences is much smaller in absolute value than the
second one. In particular, the neutrino mass squared difference observed in the oscilla-
tion atmospheric νµ and ν̄µ, often called ∆m2

atm, is much larger in absolute value than

2except for the LSND result [47] , that has not been confirmed by MiniBOONE [48]
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Source Type of ν Ē [MeV] L [km] min(∆m2)[eV2]
Sun νe ∼ 1 1.5 ·108 ∼ 1011

Reactor ν̄e ∼ 1 ∼ 100 ∼ 10−5

Reactor ν̄e ∼ 1 ∼ 1 ∼ 10−3

Atmospheric νµ, ν̄µ, νe, ν̄e ∼ 103 ∼ 104 ∼ 10−4

Accelerator νµ, ν̄µ ∼ 103 ∼ 103 ∼ 10−3

Table 1.1: Features and ∆m2 sensitivity of different neutrino oscillation experiments.

the neutrino mass squared difference responsible for the solar νe and reactor ν̄e oscilla-
tion, often called ∆m2

sun. It proves convenient, from the point of view of relating the
mixing angles to observables, to identify |∆m2

21| with the smaller of the two neutrino
masses squared differences, |∆m2

sun|. Then the larger neutrino mass squared difference
|∆m2

31| or |∆m2
32| can be identified with |∆m2

atm|. The convention widely used, is to
number the massive neutrinos in such a way that m1 < m2, so that ∆m2

21 is not neg-
ative. With these choices made, there are two possibilities: either m1 < m2 < m3, or
m3 < m1 < m2. The former possibility is conventionally called direct hierarchy, and the
latter is called inverse hierarchy. The sign of ∆m2

atm (∆m2
31) and the type of hierarchy

in neutrino mass spectrum is still unknown at this time. Using these conventions, the
measured values of the neutrino mass square differences are [2]:

∆m2
21 ' 7.6 · 10−5eV 2, |∆m2

31| ' 2.4 · 10−3eV 2, ∆m2
21/|∆m2

31| ' 0.032 (1.36)

The effects of ∆m2
31 or ∆m2

32 in the oscillation of solar νe, and of ∆m2
21 in the

oscillation of atmospheric νµ and ν̄µ, and of accelerator νµ, are relatively small and
sub-dominant. This is due to the the fact that |∆m2

21| � |∆m2
31|, and in the differences

in L, Ē and L/Ē (as well in the production and propagation of neutrinos) in the solar,
atmospheric and accelerator experiments.

This fact can be obtained form Eq. (1.17), using the information that one neutrino
mass squared difference is much smaller in absolute value then the other mass squared
difference. Keeping only the dominant ∆m2 term, in Eq. (1.17), it is possible to treat
the neutrino mixing and oscillation as an effective 2-state phenomenon. The neutrino
mixing and oscillation probabilities in the 2-neutrino mixing are given in Eq. (1.23, 1.24,
1.25).

Most of the solar νe, reactor ν̄e, atmospheric and long baseline accelerator νµ and
ν̄µ experiments can be described in the 2-neutrino formalism. The mixing angle that is
responsible for solar νe (and long baseline reactor ν̄e) oscillation is called solar mixing
angle θsun. The mixing angle responsible for atmospheric and long baseline νµ and
ν̄µ oscillation is called atmospheric mixing angle θatm.

The neutrino mixing matrix U can be parametrised by 3 angles and 1 CP violation
phase3. In order to relate the parameters to the physical observable, it is convenient
to parametrise U in such a way that the 2-neutrino mixing angle θsun and θatm can be

3 In general, a n×n unitary matrix can be parametrised by n(n−1)/2 angles and n(n+1)/2 phases.
Because of the invariance of the content of a quantum field theory under a reparametrization of the
fields, the number of physical phases is less than the total number of phases. If the massive neutrinos
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identified as 2 of the 3 mixing angles. The usual parametrisation of the neutrino mixing
matrix U is:

U =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s12e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 (1.37)

where cij = cos θij, sij = sin θij, the angles θij = [0, π/2], δ = [0, 2π] is the Dirac CP
violation phase.

Short baseline reactor ν̄e experiments (Palo Verde [50], CHOOZ [51], Double Chooz [32]),
and long baseline accelerator νµ experiments (T2K [38], MINOS [36]), have shown that
|Ue3|2 = | sin θ13|2 � 1. Because of this, one can identify θ12 as θsun and θ23 as θatm. The
solar neutrino data have shown that ∆m2

21 cos 2θ12 > 0 (Sec. 2.4). In the convention
employed, this means that cos 2θ12 > 0.

Supposing that in a given experiment |∆m2
31|L/(2E) ≥ 1, and ∆m2

21L/(2E) � 1.
This is the case for the oscillations of reactor ν̄e on a distance L ∼ 1 km (CHOOZ, Double
Chooz, Daya Bay [52], Reno [53] experiments), for the oscillation of the accelerator
νµ with distance L ∼ 103 km (K2K, T2K, MINOS, OPERA experiments). Under this
conditions, keeping only the oscillating terms involving ∆m2

31, the oscillation probability
in Eq. (1.17) becomes:

P (να → νβ) ' P (ν̄α → ν̄β) ' δαβ − 2|Uα3|2
(
δαβ − |Uβ3|2

)(
1− cos

∆m2
31

2E
L

)
(1.38)

The survival probability for oscillation of reactor ν̄e on a distance L ∼ 1 km, is given
by Eq. 1.38 choosing α = β = e:

P (ν̄e → ν̄e) = P (νe → νe) ' 1− 2|Ue3|2
(
1− |Ue3|2

)(
1− cos

∆m2
31

2E
L

)
(1.39)

The probability for oscillation of accelerator νµ into νe (or vice-versa) is given Eq. 1.38
choosing α = µ, β = e:

P (νµ → νe) ' 2|Uµ3|2|Ue3|2
(

1− cos
∆m2

31

2E
L

)
(1.40)

=
|Uµ3|2

1− |Ue3|2
P 2ν

(
|Ue3|2,m2

31

)
. (1.41)

Here P 2ν (|Ue3|2,m2
31) is the probability of the 2 neutrino transition νe → (s23νµ+c23ντ )

due to ∆m2
31 and a mixing with angle θ13, where,

sin2 θ13 = |Ue3|2, s2
23 = sin2 θ23 ≡

|Uµ3|2

1− |Ue3|2
, c2

23 ≡ cos2 θ23 =
|Uτ3|

1− |Ue3|2
(1.42)

are Dirac particles, only (n− 1)(n− 2)/2 phases are physical and can be responsible for CP violation
in the lepton sector. In the case the massive neutrinos νi are Majorana particles, i.e. particles that
coincide with his own antiparticles, 2 additional physical CP violation phases, called Majorana phases,
are present in U . However, Majorana phases have no effects in the neutrino oscillation phenomena and
will not mentioned further.
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In certain cases the dimensions of the neutrino source, ∆L, are not negligible in
comparison with the oscillation length. Similarly, when analysing neutrino oscillation
data one has to include the energy resolution of the detector, ∆E, in the analysis. As
can be shown [54], if ∆L � E/∆m2, and/or L∆m2∆E/E2 � 1, the oscillating terms
in the neutrino oscillation probabilities will be averaged out. This is the case for Solar
neutrino oscillations in vacuum. In this case (as well as in the case of sufficiently large
separation of the νi and νj neutrino wave packets at the detection point) the interference
terms in the oscillation probability (or survival probability) will be negligibly small and
the neutrino flavour conversion will be determined by the average probabilities:

P (να → νβ) '
∑
i

|Uβi|2|Uαi|2 . (1.43)

This is the 3-neutrino mixing analog of Eq. 1.26.
Suppose next that in the case of 3-neutrino mixing, ∆m2

21L/2E ∼ 1, while at the same
time |∆m31(32)|2L/2E � 1 and the oscillations due to ∆m2

31 and ∆m2
32 are averaged out

due to integration over the region of neutrino production, the energy resolution function,
etc. This is the case for the oscillations of reactor ν̄e observed by the KamLAND
experiment [31]. In this case we get for the νe and ν̄e survival probabilities:

P (ν̄e → ν̄e) ' |Ue3|4 +
(
1− |Ue3|2

)2
P 2ν(ν̄e → ν̄e) , (1.44)

P 2ν(ν̄e → ν̄e) = P 2ν(νe → νe) = 1− sin2 2θ12 sin2

(
∆m2L

4E

)
(1.45)

being the νe and ν̄e survival probability in the case of 2-neutrino oscillation driven by
the angle θ12 and ∆m2

21, with θ12 determined by

cos2 θ12 =
|Ue1|2

1− |Ue3|2
, sin2 θ12 =

|Ue2|2

1− |Ue3|2
. (1.46)

The existing neutrino oscillation data allow us to determine the parameters which
drive the solar neutrino and the dominant atmospheric neutrino oscillations with a
relatively good precision, and to obtain rather stringent limits on the mixing angle θ13.
A comprehensive review on the solar, atmospheric, reactor, and accelerator neutrino
oscillation experiments and their impact on the determination of θ12, θ23, θ13, ∆m2

21,
and ∆m2

31 can be found on [2]. The relevant solar neutrino measurements and their
impact on the determination of θ12 and ∆m2

21 are discussed extensively in Sec. 2.

1.6 Conclusions and outlook
After the spectacular experimental progress made in the studies of neutrino oscillations,
further understanding of the pattern of neutrino masses and neutrino mixing, of they
origins and the status of the CP symmetry in the lepton sector requires an extensive
and challenging program of research. One of the targets of such a research program
include the high precision measurement of the oscillation parameters that drive the
solar neutrino oscillations and test the MSW effect with neutrinos of different energies.
Solar neutrinos are sensitive probe for pursuing this program.





Chapter 2

Solar neutrino observations

2.1 Introduction

Both the first evidence and the first discoveries of neutrino flavor transformation have
come from experiments which detected neutrinos from the Sun [55, 22, 23]. This dis-
covery was remarkable, not only because it was unexpected, but because it was made
initially by experiments designed to different physics. Ray Davis’s solar neutrino exper-
iment [56] was created to study astrophysics, not the particle physics of neutrinos.

Observation of solar neutrinos directly addresses the theory of stellar structure and
evolution, which is the basis of the standard solar models (SSMs). Neutrinos are indeed
the only particles which can travel undisturbed from the solar core to us, providing de-
tails about the inner workings of the Sun. The Sun as a well-defined neutrino source also
provides extremely important opportunities to investigate nontrivial neutrino properties
such as nonzero mass, flavor mixing, neutrino oscillations, and MSW effect because of
the wide range of matter density and the great distance from the Sun to the Earth. The
solar neutrino flux is energetically broadband, free of flavor backgrounds, and passes
through quantities of matter obviously unavailable to terrestrial experiments.

The chapter is organised as follows. In Section 2.2 I describe the Solar Standard
Model. In Section 2.3, the solar metallicity problem is presented. Section 2.4 reports on
the pp fusion chain and the CNO cycle which fuel the Sun and produce solar neutrinos.
In Section 2.5 I describe the propagation of solar neutrinos in the Sun, with emphasis
on the MSW effect. In Section 2.6 I review the experiments which have detected solar
neutrinos, describing the detection method and their result. The discovery of solar neu-
trino oscillations, as well with the current understanding of the MSW-LMA oscillation
scenario is discussed in Section 2.7.

2.2 The Standard Solar Model

The stars are powered by nuclear fusion reactions. Two distinct processes, the main
pp fusion chain and the sub-dominant CNO cycle, are expected to fuel the Sun and
produce solar neutrinos with different energy spectra and fluxes (see Sec. 2.4 and [6]).
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The combined effect of these reactions is written as

4p→ 4He + 2e+ + 2νe . (2.1)

Positrons annihilate with electrons. The overall reaction releases about 26.7 MeV into
kinetic energy of the final particles, including neutrinos [6]. Each conversion of four
proton into an 4He nucleus is known as a termination of the chain of energy generating
reactions that accomplishes the nuclear fusion. The thermal energy that is supplied
by nuclear fusion ultimately emerges from the surface of the Sun as sunlight. Energy
is transported in the deep solar interior mainly by photons, which means that the
opacity of matter to radiation is important. The pressure that supports the Sun is
provided largely by the thermal motions of the electrons and ions. Some of the principal
assumptions used in constructing standard solar models are [6]:

• Hydrostatic equilibrium: the Sun is assumed to be in hydrostatic equilibrium,
that is, the radiative and particle pressures of the model exactly balances gravity.
Observationally, this is known to be an excellent approximation since a gross de-
parture from hydrostatic equilibrium would cause the Sun to collapse (or expand)
in a free-fall time of less than a hour.

• Energy transport by photons or by convective motions: in the deep interior, where
neutrinos are produced, the energy transport is primarily by photon diffusion; the
calculated radiative opacity is a crucial ingredient in the construction of a model
and has been the subject of a number detailed studies.

• Energy generation by nuclear reactions: the primary energy source for radiated
photons and neutrinos is nuclear fusion, although the small effects of gravitational
contraction (or expansion) are also included.

• Abundance changes caused only by nuclear reactions: the initial solar interior is
presumed to have been chemically homogeneous. In regions of the model that are
stable to matter convection, changes in the local abundances of individual isotope
occur only by nuclear reactions.

A Standard Solar Model is the end product of a sequence of models. The calculation
of a model begins with the description of a main sequence star that has a homogeneous
composition. Hydrogen burns in the stellar core, supplying both the radiated lumi-
nosity and the thermal pressure that supports the star against the gravity. Successive
models are calculated by allowing for composition changes caused by nuclear reactions,
as well as the mild evolution of other parameters, such as the surface luminosity and
the temperature distribution inside the star. The models that describe later times in
an evolutionary sequence have inhomogeneous compositions.

A satisfactory solar model is a solution of the evolutionary equation that satisfies
boundary conditions in both space and time. Solar astrophysicists seek models with a
fixed mass M�, with a total luminosity L�, and with an outer radius R� at an elapsed
time of 4.6 ·109 years (the present age of the Sun, determined accurately from meteoritic
ages). The assumed initial values of chemical composition and entropy are iterated until
an accurate description is obtained of the Sun. The solution of the evolution equations
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determines the initial values for the mass fractions of hydrogen, helium, and heavy
elements, the present distribution of physical variables inside the Sun, the spectrum of
acoustic oscillation frequencies observed on the surface of the Sun, and the neutrino
fluxes [6].

The most elaborate SSM calculations have been developed by Bahcall and his col-
laborators1, who define their SSM as the solar model which is constructed with the best
available physics and input data. Therefore, their SSM calculations have been rather fre-
quently updated. SSM’s labelled as BS05(OP) [57], BSB06(GS) and BSB06(AGS) [58],
BPS08(GS) and BPS08(AGS) [59], and BPS11(GS) and BPS11(AGSS) [60] represent
recent model calculations.

Here, OP means that newly calculated radiative opacities from the Opacity Project
are used. The later models are also calculated with OP opacities. GS and AGS refer to
old and new determinations of solar abundances of heavy elements. There are significant
differences between the old, higher heavy element abundances (henceforth GS, [61]) and
the new, lower heavy element abundances (henceforth AGS, [62] and AGSS, [63]). The
models with GS are consistent with helioseismological data, but the models with AGS
and AGSS are not [64]. The measurement of the flux of the neutrinos resulting from
the CNO cycle may help to resolve this Solar Metallicity Problem.

2.3 The Solar Metallicity Problem
The solar heavy-element abundance2, Z, is one of the important inputs in solar model
calculations. The heavy-element abundance affects solar structure by affecting radiative
opacities [6]. The abundance of oxygen, carbon, and nitrogen also affect the energy
generation rates through the CNO cycle (see Sec. 2.4 and [6]). The effect of Z on
opacities changes the boundary between the radioactive and convective zones, as well
as the structure of radiative region; the effect of Z on energy generation rates can change
the structure of the core [64]. Solar Z is not only important in modelling the Sun, it
is also important for other fields of astrophysics. The heavy-element abundance of the
Sun is usually used as a reference in studies of the metallicity of stars, the chemical
evolution of galaxies; thus, an accurate knowledge of solar metallicity is important.

Till the early part of last decade, the solar abundance compilation of Grevesse and
Sauval (GS98, [61]), with the ratio between heavy-element and hydrogen abundance
Z/X = 0.023, was used. In a series of papers Allende-Prieto [65, 66] and Asplund and
others [67, 68] have revised the spectroscopic determinations of the solar photospheric
composition using sophisticated 3D stellar atmospheric models. These models were
obtained by 3D radiation-hydrodynamic simulations of the near-surface layers of the
Sun. Their results indicated that the solar carbon, nitrogen, and oxygen abundances
are lower by about 35% to 45% than those listed by GS98. The revision of the oxygen
abundance led to a comparable change in the abundances of neon and argon too, since
these abundances are generally measured through the abundance ratio for Ne/O and
Ar/O. Additionally, Asplund [69] also determined a lower value (by about 10%) for

1 Bahcall passed away in 2005, but his program to improve SSM is still pursued by his collaborators
2 in astrophysics, any element with atomic number greater than helium is labelled as heavy-element,

or metal
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the photospheric abundance of silicon compared with the GS98 value. As a result, all
the elements for which abundances are obtained from meteoritic measurements have
seen their abundances reduced by a similar amount. These measurement have been
summarised by Asplund, Grevesse and Sauval (AGS05, [62]). The net result of these
changes is that Z/X for the Sun is reduced to 0.0165 (or Z = 0.0122) in AGS05,
about 28% lower than the previous value of GS98 Z/X ∼ 0.023. The most recent
and complete revision by Asplund et al. (AGSS09, [63]) also shows a reduction in the
abundances of the volatile CNO elements and Ne with respect to the older compilation
of solar abundances of GS98.

The consequence of this reduction of the solar Z/X is that the structure of the solar
models do not agree well with the helioseismically determined structure of the Sun any
more [64]. In particular, the relative sound-speed and density in solar models with the
AGS05 abundances disagrees with the experimental data a lot more than models with
GS98 abundances. The main reason for the disagreement is the difference in the position
of the convection zone (CZ) base between the model and the Sun. The AGS05 model
has its CZ base at 0.729R�, in contrast the CZ base of the Sun is at 0.713 ± 0.001R�
[64]. Additionally, solar models with AGS05 abundances have lower helium abundances
(Y ) than the Sun, Y = 0.230 rather than the helioseismically determined solar helium
abundance of Y = 0.2485± 0.0034 [64]. The GS98 solar model by contrast has CZ base
at 0.715R� and helium abundance of Y = 0.243, much closer to the real solar values.

A competitive source of information about the solar core that may solve the Solar
Metallicity Problem are the neutrino emitted in the CNO cycle. SSMs with high heavy-
element abundance, such as BPS08(GS) [59], predict a total CNO neutrino flux of
(5.4 ± 0.8) × 108 cm−2 s−1, while SSMs with low heavy-element abundance, such as
AGSS09, predict a 30% lower CNO flux of (3.8+0.6

−0.5) × 108 cm−2 s−1 [60]. One of the
result of this PhD thesis is the strongest constrain on the CNO neutrino flux up to date,
which leads to the strongest test of the solar metallicity up to date (see Sec. 5.10).

2.4 Production of solar neutrinos

The solar neutrinos are produced by some of the fusion reactions in the pp chain or
the CNO cycle [6]. In both processes, the net effect is the fusion of four protons in a
4He nucleus. About 600 million tons of hydrogen are burned every second to supply
the solar luminosity. The main nuclear burning mechanism in the Sun is the proton-
proton chain (or pp chain). A sub dominant and still undetected process for the energy
generation in the Sun is the Carbon-Nitrogen-Oxygen cycle (or CNO cycle), in which
the fusion of four protons into a 4He nucleus is achieved through reactions involving
carbon, nitrogen and oxygen. The CNO cycle is supposed to be a dominant process
for massive stars (> 1.5, M�), in which the heavy-element abundance is high. The
SSM prediction for the fluxes from neutrino-producing reactions is given in Table 2.4.
Fig. 2.1 shows the solar neutrino spectra calculated with the BS05(OP) model which is
similar to the BPS08(GS) model.

In the following subsections, the reactions of pp chain and CNO cycle, as well with
the neutrinos created in such processes, are described in detail.
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Figure 2.1: The solar neutrino spectrum predicted by the BS05(OP) standard solar
model [57]. The neutrino fluxes are given in units of cm−2s−1MeV−1 for continuous
spectra and cm−2s−1 for line spectra. The numbers associated with the neutrino sources
show theoretical errors of the fluxes.

2.4.1 The pp chain

The pp chain has three branches, named pp - I, pp - II and pp - III. The net process in
each termination of the pp chain is:

4p → 4He + 2e+ + 2νe, (2.2)

with Q-value3 Q=24.7 MeV. In some cases, the process is 4p + e− → 4He + e+ + 2νe.
The positrons annihilate with free electrons in the solar plasma (with γ-rays with total
energy of 2mec

2 = 1.02 MeV emitted for each annihilation). The total energy gain in
each termination of the pp chain is ∼ 26.7 MeV, on which, on average, only a small
amount is carried away by neutrinos. The energy of the neutrinos emitted in the pp
chain depends on its particular termination.

The first step of each branch is one of this weak interaction processes (the energy
available to the final states body, the Q-value, is written in brackets):

p+ p → 2H + e+ + νe (0.42MeV) (2.3)
3the Q-value is defined as the difference between the initial state total mass and final state total

mass, and it is equal, in natural units, to the total kinetic energy available to the final state particles
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Reaction Abbr. Energy (MeV) GS98 Flux AGSS09 Flux exp
pp→ 2H e+ ν pp 0 - 0.42 5.98 (1 ± 0.006) 6.03 (1 ± 0.006) 1010

pe−p→ 2H ν pep 1.44 1.44 (1 ± 0.012) 1.47 (1 ± 0.012) 108

3He p→ 4He e+ ν hep 0 - 19.79 8.04 (1 ± 0.30) 8.31 (1 ± 0.30) 103

7Be e− → 7Li ν 7Be 0.862 (0.383) 5.00 (1 ± 0.07) 4.56 (1 ± 0.07) 109

8B→ 8Be e+ ν 8B 0 - 17.98 5.58 (1 ± 0.14) 4.59 (1 ± 0.14) 106

13N→ 13C e+ ν 13N 0 - 1.19 2.96 (1 ± 0.14) 2.17 (1 ± 0.14) 108

15O→ 15C e+ ν 15O 0 - 1.73 2.23 (1 ± 0.15) 1.56 (1 ± 0.15) 108

17F→ 17C e+ ν 13F 0 - 1.74 5.52 (1 ± 0.17) 3.40 (1 ± 0.16) 106

CNO cycle CNO 0 - 1.74 5.24 (1 ± 0.84) 3.76 (1 ± 0.60) 108

Table 2.1: Neutrino-producing reactions in the Sun (first column), their abbreviations
(second column), and their energy (third column). The neutrino fluxes predicted by
the GS98 (High Metallicity) and AGSS09 (Low Metallicity) leading standard solar
model [60], in units of (cm−2s−1), are listed in the fourth and fifth and sixth column.

p+ e− + p → 2H + νe (1.44MeV) (2.4)

The reaction (2.3), called pp reaction, is the basis for the whole pp chain. More
than 99% of the terminations of the pp chain pass though the pp reaction. The rate
for this primary reaction is too slow for to be measured in the laboratory at relevant
energies since the reaction proceeds via the week interaction. However, the rate can be
calculated accurately using the theory of low-energy weak interactions and the measured
properties of the proton-proton scattering and the deuteron. The neutrino emitted in
this process, called pp ν, has a maximum energy of 0.42 MeV. The pp ν flux predicted
by the SSM has the smallest uncertainties due to the solar luminosity constraint [70].

The reaction (2.4) is called pep reaction, and the mono-energetic (1.44 MeV) neutrino
emitted in this process is called pep ν. The pep reaction is important in principle since
the ratio of pep ν to pp ν is practically independent of the solar models, thus pep ν
contain essentially the same information about the rate of the basic fusion reactions as
do the lower energy pp ν. The rate for the pep reaction can be calculated accurately
using weak interaction theory in terms of the rate of the pp reaction. The ratio between
the pep and pp terminations, and therefore the ratio between pep ν and pp ν fluxes is
∼ 0.04. Due to the solar luminosity constraint, the flux of pep ν predicted by the SSM
has the second lowest uncertainty (1.2%) [6, 70].

The pp and pep reactions proceeds via the week interaction, so their cross sections
are lower respect to strong or electromagnetic processes in the chain. Therefore pp and
pep reactions are a bottleneck for the pp chain, and basically determine the total nuclear
fusion rate and the solar luminosity.

One of result of this PhD thesis is the first time direct detection of the pep so-
lar neutrinos, and the corresponding measurement of the pep solar neutrino flux (see
Sec. 5.10).
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The pp− I branch

The pp− I branch of the pp chain proceeds through the reaction:

p+ 2H → 3He + γ (5.49MeV) (2.5)

The 3He nucleus can interact in three different ways:

3He + 3He → 4He + 2p (12.86MeV) (2.6)

3He + 4He → 7Be + γ (1.59MeV) (2.7)

3He + p → 4He + e+ + νe (19.79MeV) (2.8)

The cross sections of the reactions Eq. 2.5, Eq. 2.6, and Eq. 2.7 have been measured
by the LUNA collaboration [71, 72, 73, 74, 75]. The reaction (2.6) is the dominant
termination in the Sun, because of the abundance of 3He; SSMs predict this reaction to
complete ∼ 85% of pp chain terminations.

The reaction (2.8), called hep reaction is a weak interaction process which produces
the highest-energy solar neutrinos. The neutrinos from this reactions are extremely
rare, and have never been detected so far [76].

The reaction (2.7) leads to the two important neutrino-producing reactions involving
7Be. The two terminations involving the 7Be nucleus are called pp− II and pp− III.

The pp− II branch

In the Sun, 7Be is almost always destroyed by electron capture, usually from free elec-
trons in the solar plasma:

7Be + e− → 7Li + νe (0.862MeV) (2.9)

7Li + p → 4He + 4He (17.34MeV) (2.10)

The rate of the process (2.9) can be calculated accurately using weak interaction theory.
The mono-energetic neutrino emitted in the electron capture of the 7Be is called 7Be ν.
The 7Li nucleus can be generated in an excited state with energy 487 keV, with branching
factor of 10%. Therefore, the energy of 7Be ν can be either 862 keV or 384 keV. The
flux of 7Be ν has been measured with a precision of 5% by the Borexino experiment
[25, 77, 78].
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The pp− III branch

The 7Be + p reaction occurs only rarely in the SSMs, in about 1 out of 5000 terminations
of the pp chain (the 7Be electronic capture reaction is about a thousand time more
probable):

7Be + p → 8B + γ (0.14MeV) (2.11)

8B → 8Be + e+ + νe (17.98MeV) (2.12)
8Be → 4He + 4He (0.14MeV) (2.13)

Nevertheless, this branch is of crucial importance since it leads to high energy 8B ν.
8B νs have an extremely historical importance: they have been the first detected solar
neutrinos in the Homestake experiment in the 60s [55, 14], and their detection with
different channel in SNO lead to first evidence of neutrino oscillation [22, 23, 79, 80].
The first time detection of 8B νs with a 3 MeV threshold (kinetic energy of electron
recoil) has been performed in Borexino [81].

2.4.2 The CNO chain

In the set of reaction in the carbon-nitrogen-oxygen cycle (CNO cycle), the overall
conversion of four protons to form an helium nucleus, two positrons, and two electron
neutrinos is achieved with the aid of 12C, the most abundant heavy isotope in normal
stellar condition:

12C + 4p → 12C +4 He + 2e+ + 2νe . (2.14)

The total energy release is the same as for the pp chain (26.7 MeV).
The energy production in the CNO cycle only constitutes a small contribution to the

total luminosity in the Sun (of the order of ∼ 1% in the SSMs). The Coulomb barrier
between a proton and carbon or nitrogen nuclei is much higher than the one between
two protons or helium nuclei, therefore the CNO cycle can only occur at temperature
much higher than the temperature needed for pp chain [6]. The CNO cycle is believed
to be the dominant mechanism of energy production massive stars (> 1.5M�).

The CNO cycle have two sub-cycles: the CN cycle and the sub-dominant NO cycle.
The NO cycle rate is about 2× 10−2 the CN rate. The reactions in the CN cycle are:

12C + p → 13N + γ (1.94MeV) (2.15)
13N → 13C + e+ + νe (1.19MeV) (2.16)

13C + p → 14N + γ (7.55MeV) (2.17)
14N + p → 15O + γ (7.30MeV) (2.18)

15O → 15N + e+ + νe (1.73MeV) (2.19)
15N + p → 16O∗ → 12C + 4He (4.97MeV) (2.20)

The half lifes of 13N and 15O are about some minutes. The α-decay of the excited 16O∗

has a higher branching ratio respect to its γ decay. The cross sections of the reactions
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Eq. 2.18 and Eq. 2.21, have been measured by the LUNA collaboration [82, 83, 84].
The γ-decay of 16O∗ is the first process in the NO cycle:

15N + p → 16O + γ (12.13MeV) (2.21)
16O + p → 17F + γ (0.60MeV) (2.22)

17F → 17O + e+ + νe (1.74MeV) (2.23)
17O + p → 14N + 4He (2.24)

The neutrinos resulting from the CNO cycle are called CNO νs. The energy spectrum
of the CNO νs is the sum of three continuous spectra with end point energies of 1.19
MeV (13N), 1.73 MeV (15O), and 1.74 MeV (17F). The total predicted CNO νs flux is
strongly dependent on the inputs of the solar modelling, being 40% higher in the High
Metallicity (GS98) than in the Low Metallicity (AGSS09) solar model (see Sec. 2.3,
Table 2.4). The detection of neutrinos resulting from the CNO cycle has important
implications in astrophysics, as it would be the first direct evidence of the nuclear
process that is believed to fuel massive stars (> 1.5M�). Furthermore, its measurement
may resolve the solar metallicity problem.

One of the results of this PhD thesis is the strongest constraint of the CNO solar
neutrino flux to date (see Sec. 5.10).

2.5 Propagation of solar neutrinos

The solar νes undergo oscillations while they propagate from the central part of the
Sun, where they are produced, to the terrestrial detector. Because of the large range of
matter density in the Sun, matter effects (see Sec. 1.4) have a significant role in the solar
neutrino oscillations. The electron number density Ne changes considerably along the
neutrino path in the Sun: it decreases monotonically from the value of ∼ 100 cm−3NA

in the centre of the Sun to 0 at the surface of the Sun. According to the contemporary
solar models, Ne decreases approximately exponentially in the radial direction towards
the surface of the Sun:

Ne(t) = Ne(t0) exp
(
−t− t0

r0

)
, (2.25)

where (t − t0) ' d is the distance travelled by the neutrino in the Sun, Ne(t0) is the
electron number density at the point of νe production in the Sun, r0 is the scale-height
of the change of Ne(t) and one has [6, 58] r0 ∼ 0.1R�.

Consider the case of 2-neutrino mixing in matter, Eq. (1.31). If Ne changes with t (or
equivalently with distance) along the neutrino trajectory, the matter-eigenstates, their
energies, the mixing angle, and the oscillation length in the matter become, through
their dependence on Ne, also functions of t. The behaviour of the neutrino system can
be understood in term of a two-level system whose Hamiltonian depends on time. The
relevant cases for solar neutrinos, are that the electron number density at the point of a
solar νe production in the Sun much bigger, or much smaller than the resonance density.

In the case Ne(t0) � N res
e , θm(t0) ' π/2 and the state of the electron neutrino in

the initial moment of evolution of the system practically coincides with the heavier of
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the two matter eigenstates:
|νe〉 ' |νm2 (t0)〉 . (2.26)

When neutrinos propagate to the surface of the Sun they cross a layer of matter in
which Ne = N res

e . Correspondingly, the evolution of the neutrino system can proceed
basically in two ways: either evolve adiabatically or jump.

In the adiabatic evolution, characterised by the negligible probability of the jump from
the upper matter eigenstate to the lower matter eigenstate, the system can stay on the
state |νm2 (t)〉 up to the final moment ts, when the neutrino reaches the surface of the
Sun. At the surface of the Sun Ne(ts) = 0 and therefore θm(ts) = θ, |νm1,2(ts)〉 = |ν1,2〉.
Thus, in this case the state describing the neutrino system at t0 will evolve continuously
into the state |ν2〉 at the surface of the Sun. The probabilities to find νe and νµ at the
surface of the Sun are then (Eq. (1.23)):

P (νe → νe; ts) ' |〈νe|ν2〉|2 = sin2 θ (2.27)
P (νe → νµ; ts) ' |〈νµ|ν2〉|2 = cos2 θ . (2.28)

Under the assumption made, a νe → νµ conversion with P > 0.5 is possible.
The other possibility is realised if in the resonance region the system jumps from

the upper matter eigenstate to the lower matter eigenstate and after that the system
continues to be in the state |νm1 (t)〉 until the neutrino reaches the surface of the Sun.

The value of the jump probability P ′ plays a crucial role in the solar neutrino oscil-
lations. There exist a whole spectrum of possibilities since P ′ can have any value from
0 to cos2 θ [85, 86]. In the literature, the transitions are called nonadiabatic if P ′ is non
negligible. In order for the evolution to be adiabatic, Ne(t) should change sufficiently
slow along the neutrino path [87]. Numerical studies have shown [42] that solar neutri-
nos can undergo both adiabatic and nonadiabatic transition, and the matter effect can
be substantial in the solar neutrino oscillations for 10−8eV2 < ∆m2

sun < 10−4eV2 and
10−4 < sin2 2θsun < 1.0.

The evolution equations Eq. (1.28) for the neutrino state in matter can be solved
exactly for Ne changing exponentially, as in Eq. (2.25), along the neutrino path in the
Sun [85, 88]. On the basis of the exact solution it was possible to derive a complete
and accurate analytic description of the matter-enhanced transitions of solar neutrinos
in the Sun for any values of ∆m2

sun and θsun [41, 42, 85, 86].
The survival probability for a νe produced in the central part of the Sun on its way

to the surface of the Sun is given by

P 2ν
� (νe → νe) =

1

2
+
(

1

2
− P ′

)
cos 2θm cos 2θ , (2.29)

where θm is the mixing angle in matter at the point of νe production and the jump
probability P ′ in terms of ∆m2, sin2 θ, the neutrino energy E, and r0 (Eq. 2.25) is given
in [85]. This equation is only valid valid for the convention ∆m2

21 > 0 but for both signs
of cos 2θ12.

The current solar neutrino and KamLAND data suggest that ∆m2
21' 7.6 · 10−5 eV2.

For ∆m2
21> 10−7 eV2 , the averaging over the region of neutrino production in the Sun

renders negligible all interference terms which appear in Eq. (1.25). Thus, the survival
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probability of a νe while it travels from the central part of the Sun to the surface of the
Earth is effectively equal to the survival probability of the νe while it propagates from
the central part to the surface of the Sun (Eq. (2.29)).

If the solar νe transitions are adiabatic, P ′ ' 0 and cos 2θm ' −1, the survival
probability given by Eq. (2.29) becomes [42]

P 2ν
� (νe → νe) '

1

2
− 1

2
cos 2θ = sin2 θ . (2.30)

The solar neutrino and KamLand data4 suggest sin2 2θ12 ∼ 0.8. For such mixing an-
gle, the adiabatic transitions are realised if E/∆m2 lies approximately in the range
(2 · 104 − 3 · 107) MeV/eV2 [86]. This result is relevant for the interpretation of the
solar 8B ν data, detected by Super-Kamiokande, SNO and Borexino. The measured
survival probability for 8B ν of energy E > 5MeV is P (νe → νe) ' 0.3. A solar νe
survival probability < 1/2 is not allowed by oscillations in vacuum (Eq. (1.26)), there-
fore the data evidence that 8B ν oscillations are driven by matter effects. The survival
probability given in Eq. (2.30) is indeed either bigger or smaller than 1/2 depending on
the sign of cos 2θ. Thus, the possibility of cos 2θ < 0 is ruled out by the data. Given
the convention ∆m2

21 > 0 adopted, the data imply that ∆m2
21 cos 2θ12. The solar νe

oscillation undergoing for E > 5 MeV are often called Matter Enhanced.
If E/∆m2 is sufficiently small so that Ne(t0) � N res

e , we have P ′ ' 0, θm ' 0 and
the oscillations take place in the Sun as in vacuum [42]:

P 2ν
� (νe → νe) ' 1− sin2 2θ , (2.31)

which is the average two-neutrino survival probability in vacuum (Eq. (1.26)). This
expression describes with good precision the transitions of the solar pp ν. The solar νe
oscillation undergoing in the energy region of pp νs are often called Vacuum Dominated.

The energy region between the vacuum dominated and matter enhanced solar νe
oscillation regime is called Transition Region. The current framework of solar neutrino
oscillation, MSW-LMA, predicts a smooth transition of the νe survival probability be-
tween the two regions, resulting in an energy dependent νe survival probability Pee.
The solar νe survival probability as a function of the energy and the corresponding Pee
measurement from solar neutrinos are shown in Fig. 5.25.

The solar νe survival probability in the case of 3-neutrino mixing takes a simple form
for |∆m2

31| � |∆m2
21|. Indeed, for the energies of solar neutrinos E < 10MeV , N res

e

corresponding to ∆m2
31 satisfies Ne(t0) << N res

e31 . As a consequence, the oscillations due
to ∆m2

31 proceed as in vacuum. The averaging over the region of νe production in the
Sun strongly suppress the oscillations due to ∆m2

31. The 3-neutrino solar νe survival
probability is then [89, 90]:

P 3ν
� (νe → νe) ' sin4 θ13 + cos4 θ13P

2ν
� (∆m2

21, θ12;Ne cos2 θ13) , (2.32)

where P 2ν
� (∆m2

21, θ12;Ne cos2 θ13) is given by Eq. (2.29) in which ∆m2 = ∆m2
21, θ = θ12

and the solar e− number density Ne is replaced by Ne cos2 θ13.
4 in the literature, the configuration of ∆m2

21 and θ12 suggested by the solar neutrino and KamLand
data is often called Large Mixing Angle (LMA). Recently, the Borexino collaboration have validated
the LMA configuration with solar νe only, i.e. without using KamLand ν̄e data and the assumption of
CPT invariance [26]



26 Solar neutrino observations

2.6 Detection of solar neutrinos
So far, solar neutrinos have been observed by chlorine (Homestake) and gallium (SAGE,
GALLEX and GNO) radiochemical detectors and water Cherenkov detectors using light
water (Kamiokande and Super-Kamiokande) and heavy water (SNO). Recently, low
energy solar neutrinos have been successfully observed by the liquid scintillator detector
Borexino.

A pioneering solar neutrino experiment by Davis and collaborators at Homestake
using the 37Cl −37 Ar method proposed by Pontecorvo [91] started in the late 1960’s.
This experiment exploited νe absorption on 37Cl nuclei followed by the produced 37Ar
decay through orbital e− capture,

νe + 37Cl→ 37Ar + e− . (2.33)

The neutrino energy threshold is 814 keV. The 37Ar nuclei produced are radioactive,
with a half life (τ1/2) of 34.8 days. After an exposure of the detector for two or three
times τ1/2, the reaction products were chemically extracted and introduced into a low
background proportional counter, where they were counted for a sufficient long period to
determine the exponentially decaying signal and a constant background. Solar model
calculations predict that the dominant contribution in the chlorine experiment came
from 8B neutrinos, but 7Be, pep and CNO neutrinos also contributed.

From the very beginning of the solar neutrino observations [55], it was recognised
that the observed flux was significantly smaller than the SSM predictions, provided
nothing happens to the νe after the creation in the solar interior. This deficit has been
called the Solar Neutrino problem.

Gallium experiments (GALLEX and GNO at Gran Sasso in Italy and SAGE at
Baksan in Russia) exploit the reaction

νe + 71Ga→ 71Ge + e− . (2.34)

The neutrino energy threshold is 233 keV. The dominant contribution is given by the
most abundant pp neutrinos. However, the solar model calculations predict almost half
of the capture rare in gallium due to other solar neutrinos. GALLEX presented the
first evidence of pp ν observation in 1992 [16]. The GALLEX Collaboration finished
observations in early 1977 [17]. Since April, 1998, the GNO (Gallium Neutrino Obser-
vatory) collaboration continued the observation until April 2003. The GNO and GNO
+ GALLEX joint analysis results are presented in [18]. SAGE initially reported very
low flux [92], but later observed similar flux to that of GALLEX. The latest SAGE
results are published in [19]. The SAGE experiment continues to collect data.

In 1987, the Kamiokande experiment in Japan succeeded in real-time solar neutrino
observations, exploiting νe scattering,

νx + e− → νx + e− , (2.35)

in a large water-Cherenkov detector. This experiment takes advantage of the direc-
tional correlation between the incoming neutrino and the recoil electron. This feature
greatly helps the clear separation of the solar-neutrino signal from the background. The
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Kamiokande result gave the first direct evidence that neutrinos come from the direction
of the Sun [93]. Later, the high-statistics Super-Kamiokande experiment [94, 95, 21]
with a 50-kton water Cherenkov detector replaced the Kamiokande experiment. Due to
high thresholds (7 MeV in Kamiokande and 5 MeV at present in Super-Kamiokande)
the experiments observe pure 8B solar neutrinos. The ν−e elastic scattering is sensitive
to all active neutrinos x = e, µ, τ . However, the sensitivity to νµ and ντ is much smaller
than the sensitivity to νe, being σ(νµ,τ − e) ∼ 0.16σ(νe − e).

In 1999, a new real time solar neutrino experiment, SNO (Sudbury Neutrino Obser-
vatory), in Canada started observation. This experiment used 100 tons of ultra-pure
heavy water (D2O) contained in a spherical acrylic vessel, surrounded by an ultra-pure
H2O shield. SNO measured 8B solar neutrinos via the charged-current (CC) and neutral
current (NC) reactions

νe + d→ e− + p + p (CC) , (2.36)

and
νx + d→ νx + p + n (NC) , (2.37)

as well as νe elastic scattering on electron (Eq. (2.35)). The CC reaction is sensitive only
to νe, while the NC reaction is sensitive to all active neutrinos. This is a key feature to
solve the solar neutrino problem. If it is caused by flavour transition such as neutrino
oscillations, the solar neutrino fluxes measured by CC and NC reactions would show a
significant difference. The neutrino energy threshold of the CC reaction is 1.4 MeV and
the e− energy is strongly correlated with the νe energy. Thus, the CC reaction provides
an accurate measure of the shape of the 8B ν energy spectrum. The contributions from
CC reaction and νe scattering can be distinguished by using different cosφ distributions,
where φ is the angle of the e− momentum with respect to the Sun-Earth axis. While the
νe elastic scattering events have a strong forward peak, CC events have an approximate
angular distribution of 1− 1/3 cosφ. The neutrino energy threshold of the NC reaction
is 2.2 MeV. In the pure D2O [22, 23], the signal of the NC reaction was neutron capture
in deuterium, producing a 6.25 MeV γ-ray. In this case, the capture efficiency was
low and the deposited energy was close to the detection threshold of 5 MeV. In order
to enhance both the capture efficiency and the total γ-ray energy (8.6 MeV), 2 tons
of NaCl were added to the heavy water in the second phase of the experiment [79].
Subsequently NaCl was removed and an array of 3He neutron counters were installed
for the third phase measurement [80]. These neutrons counters provided independent
NC measurement with different systematics from that of the second phase, and thus
strengthened the reliability of the NC measurement.

Borexino at Gran Sasso in Italy started solar neutrino observation in May 2007.
Borexino detects solar neutrinos via νe scattering in 300 tons of ultra-pure liquid scin-
tillator [96]. The flux of the mono-energetic 862 keV 7Be solar neutrinos has been
directly observed for the first time [78, 77]. Recently, a precise measurement of the
7Be ν at 5% precision has been published by the Borexino collaboration [25]. Borexino
has also measured solar 8B ν with an analysis threshold as low as 3 MeV (effective
electron kinetic energy) [81]. The first time detection of pep and the strongest limits so
far on CNO solar neutrinos in Borexino are the results of this PhD thesis. More details
on the Borexino detector and the pep and CNO solar neutrinos analysis will be given
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Figure 2.2: Left panel: Fluxes of 7Be solar neutrinos, Φ(νe) and Φ(νµ or τ ), deduced
from the SNO’s CC, ES and NC results of the salt phase measurement [79]. The
BS05(OP) standard solar model prediction [57] is also shown. Right panel: Three-
flavor neutrino oscillation analysis contour for ∆m2

21 and θ12, using both solar νe and
KamLand ν̄e results. This figure is taken from [98].

in the Section 5. Measurements of low energy solar neutrinos are important not only to
test the SSM further, but also to study the MSW effect over the energy region spanning
from sub-MeV to 10 MeV.

2.7 Oscillation of solar neutrinos

The results from all the solar neutrino experiments, except SNO’s NC result, indicate
significantly less flux than expected from the solar-model prediction. This deficit has
been understood as due to neutrino flavor conversion. In 2001, the initial SNO CC result
combined with the Super-Kamiokande’s high-statistics νee elastic scattering result [76]
provided direct evidence for the flavour conversion of solar neutrinos [22]. Later, SNO’s
NC measurements further strengthened this conclusion [23]. Fig. (2.2) shows the salt
phase result of the flux of νµ or ντ versus the flux of νe. The non-zero flux of νµ or ντ is
a strong evidence for the neutrino flavor conversion. These results are consistent with
those expected from the LMA (large mixing angle) solution of solar neutrino oscillation
in matter [41, 42] with ∆m2

sun∼ 5 · 10−5 eV2 and tan2 θ� ∼ 0.45. However, with the
SNO data alone, the possibility of other solutions cannot be excluded with sufficient
statistical significance.

The KamLAND experiment in Japan observed reactor ν̄e disappearance, with a flux-
weighted average distance of ∼ 180 km between source and detector [29]. Under the
assumption of CPT invariance in the neutrino sector, a combined global solar νe +
KamLAND ν̄e analysis showed that the LMA is the unique solution to the solar neutrino
problem with > 5σ CL [97]. A combined global solar analysis using the recent high-
statistics measurement of the absence of day-night asymmetry of the 7Be ν in Borexino
have shown that the LMA is the unique solution without using ν̄e data from KamLand,
i.e. without assuming CPT invariance [26].

The mixing angle θ12 and the mass splitting ∆m2
21 in two-neutrino and three-neutrino
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oscillation framework are obtained from a global analysis including all the solar neutrino
(SNO, Super-Kamiokande, chlorine, gallium, and Borexino) and the KamLAND data.
One recent update can be found in [98]. The allowed parameter regions obtained from
[98] are shown in Fig. 2.2. The best fit parameters obtained from the global solar +
KamLAND analysis are ∆m2

21 = 7.46+0.20
−0.19 ·10−5eV2 and tan2 θ12 = 0.427+0.027

−0.024, and those
from the global solar analysis are ∆m2

21 = 5.13+1.29
−0.96 · 10−5eV2 and tan2 θ12 = 0.427+0.028

−0.028.

2.8 Conclusions and outlook
The MSW-LMA scenario is our current understanding of solar neutrino oscillations.
This scenario yields to an electron neutrino survival probability Pee that depends on
the neutrino energy. The energy dependence Pee(E) is predicted with high accuracy in
the context of MSW-LMA oscillations and the Solar Standard Model (see Sec. 2.4).

Before the Borexino measurements, precision tests to the Pee, thus to MSW-LMA
oscillations, were only available with high energy 8B solar neutrinos, in the matter-
enhanced energy region. Spectral measurements or high precision measurements of sub
MeV solar neutrinos, in the vacuum-dominated energy region, were not available. Before
Borexino, the detection of sub MeV solar neutrinos were only performed with gallium
and chlorine radiochemical experiments, which are only sensitive the total neutrino flux
above the reaction threshold. Thus, the predictions of the MSW-LMA scenario in the
vacuum-dominated and transition region of the Pee were poorly tested.

Moreover, reactor neutrino experiments are only sensitive to ν̄e, therefore one has
to assume that νe oscillations behave in the same way of ν̄e oscillations (i.e. CPT
invariance holds in the neutrino sector) in order to combine νe and ν̄e oscillation data
to determine the oscillation parameters and test the oscillation models.

A direct measurement of low energy pp, 7Be, and pep solar neutrino flux is needed in
order to test the MSW-LMA prediction in the vacuum-dominated and transition energy
region. A real-time experiment also allows searches for day-night asymmetries, which
can be used to further test the oscillation models.

Spectral measurements of sub-MeV solar neutrinos are also valuable for solar physics.
In particular, a measurement of the CNO neutrino flux may help solving the solar
metallicity controversy (see Sec. 2.3).

The Borexino detector has been built with the goal of providing an high precision
measurement of 7Be solar neutrinos and potentially measure pep and CNO solar neu-
trinos.





Chapter 3

The Borexino experiment

3.1 Introduction

Borexino is a large volume liquid scintillator detector [96]. It is located deep under-
ground (∼ 3800 m of water equivalent) in the Hall C of the Laboratori Nazionali del
Gran Sasso (LNGS) in Italy, where the muon flux is suppressed by a factor ∼ 106.

The main goal of the experiment is the detection of low energy solar neutrinos, such as
the 7Be solar neutrinos, whose precision detection is the primary goal of Borexino, and
pep and CNO solar neutrinos, whose detection is the argument of this PhD thesis. The
motivating physics goal of low energy solar neutrino detection is to directly probe the
nuclear reaction processes in the Sun, and explore neutrino oscillations over a broader
range of energies than has been done to date.

Recent solar neutrino results of Borexino include a high-precision measurement of 7Be
neutrinos [25], the measurement of day-night asymmetry of 7Be solar neutrinos [26], a
measurement of 8B solar neutrinos with a threshold recoil electron energy of 3 MeV [81],
and the first time direct evidence of pep solar neutrinos and the strongest constraint up
to date on CNO solar neutrinos [1]. Other recent results beside solar neutrino physics
include the study of solar and other unknown anti-neutrino fluxes [99], observation of
Geo-Neutrinos [100], and experimental limits on the Pauli-forbidden transitions in 12C
nuclei [101]. The physics goal of the experiment also include the detection of a nearby
supernova, the measurement of the time of flight of νµ between CERN and LNGS,
the search for sterile neutrinos and neutrino magnetic moment by means of a powerful
neutrino source, and the search for very rare events like the electron decay.

In Borexino low energy neutrinos of all flavors are detected by means of their elastic
scattering of electrons. The electron recoil energy is converted into scintillation light
which is then collected by a set of photomultipliers (PMTs).

This technique has several advantages over both the water Cherenkov detector and
the radiochemical detectors used so far in solar neutrino experiments. Water Cherenkov
detectors, in fact, cannot effectively detect solar neutrinos whose energy is below few
MeV, both because the Cherenkov light yield is low and because the intrinsic radioactive
background cannot be reduced to sufficiently low levels. On the other hand, radiochem-
ical experiments cannot intrinsically perform spectral measurements and do not detect
events in real time.
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An organic liquid scintillator solves the aforementioned problems: the low energy
neutrino detection is possible because of the high light yield that in principle allow the
energy threshold to be set down to a level of a few tens of keV1; the organic nature
of the scintillator, and its liquid form at the ambient temperature, provide very low
solubility of ions and metal impurities, and yield the technical possibility to purify
the material as request. However, being the scintillator light emitted isotropically, no
measurement of the direction of the incoming neutrino is possible and the neutrino
induced events are intrinsically indistinguishable from β and γ radioactivity, posing
formidable requirements in terms of radiopurity of the scintillator and of the detector
materials.

The order of magnitude of sub-MeV solar neutrino interaction rate is a few tens
counts/day for about 100 ton of active target material and with an energy threshold
of 200 keV. This rate corresponds to an equivalent activity of ∼ 10−9 Bq/kg. If one
compares this low number with a the typical radioactivity of materials (air and drinking
water ∼10 Bq/kg, rock ∼100-1000 Bq/kg) one can see that the core of the Borexino
detector must be 9-10 orders of magnitude less than anything in the Earth in order to
perform low energy solar neutrino measurement. Typical radioactive contaminants in
solid materials and water are 238U and 232Th daughters, and 40K. Air and commercial
available nitrogen are typically contaminated by noble gas like 222Rn, 85Ar, and 85Kr.

The necessity to measure such a low neutrino flux with a massive detector poses severe
requirements in term of radiopurity for the scintillator itself and for the surrounding
materials. Additionally, the neutrino target (∼100 ton of fiducial volume in Borexino)
must be almost completely shielded from eternal γ radiation and neutrons originating
from the rock and from the detector materials.

For almost 20 years the Borexino collaboration has been addressing this problem
by developing suitable purification techniques for scintillator, water, and nitrogen, by
performing careful material selections, by developing innovative cleaning techniques for
material surfaces. Purification processes to remove radioactive impurities to achieve the
internal background requirements were investigated in earlier studies with the prototype
of the Borexino detector, the Counting Test Facility (CTF) [102, 103]. Following the
successful CTF research, the basic strategy employed for Borexino is to purify the scin-
tillator with a combination of distillation, water extraction, and nitrogen gas stripping,
all standard processes, but adapted for high cleanliness and low radioactivity. The spe-
cial procedures for scintillator purification and material fabrication resulted in very low
internal backgrounds. The current low background has made possible measurements of
7Be neutrinos with high accuracy, measurements of 8B and pep neutrinos, and strong
limits on CNO neutrinos.

This chapter is devoted to describe the detection of solar neutrinos in the Borexino
experiment. The chapter is organised as follows. In Section 3.2 I review the solar
neutrino signal detection in Borexino. In Section 3.3, the Borexino detector is described
briefly. Section 3.4 report on the Borexino scintillator and the scintillation mechanism.
Special care has been taken in the description of the quenching effect, the time response
and pulse shape discrimination. In Section 3.5 I describe the Borexino energy spectrum

1However, the unavoidable contamination of 14C that is present in any organic liquid practically
limits the neutrino detection window above ∼ 200 keV.
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and the basic analysis methods which lead to the high precision measurement of 7Be
solar neutrino rate.

3.2 Neutrino detection in Borexino
In Borexino low energy neutrinos of all flavors are detected by means of their elastic
scattering of electrons:

νx + e− → νx + e−. (3.1)

In elastic scattering, the incoming neutrino is deflected through an angle θ with respect
to its original direction. The neutrino transfers a portion of its energy to the electron
(assumed to be initially at rest), which is then known as a recoil electron. Because all
angles of scattering are possible, the kinetic energy transferred to the electron can vary
to zero to a large fraction of the neutrino energy.

The expression that relates the energy transfer and the scattering angle for any given
elastic scattering interaction can be derived by writing simultaneous equations for the
conservation of energy and momentum. One can easily show that

E ′ν =
Eν

1 + Eν
mec2

(1− cos θ)
, (3.2)

where me is the mass of the electron (0.511 MeV), Eν is the energy of the incoming
neutrino, and E ′ν is the energy of the neutrino after interaction. The kinetic energy of
the recoil electron is

Te = E ′ν − Eν . (3.3)

For small scattering angles θ, very little energy is transferred. Some of the original
energy is always retained by the incident neutrino, even in the extreme case of θ = π,
when energy transfer to the recoil electron is maximum. The maximum kinetic energy
of an electron that undergoes elastic scattering with a neutrino of energy Eν is then

Tmaxe =
Eν

1 + mec2

2Eν

. (3.4)

For the monoenergetic 862 keV 7Be and 1.44 MeV pep solar neutrinos, Tmaxe is respec-
tively at 665 keV and 1.22 MeV.

The rate of ν − e elastic scattering interaction in a given target is the product of the
incoming neutrino flux, the number of electrons in the target, and the elastic scattering
cross section, integrated over the energy range of the neutrino flux. In the case of
Borexino, the incoming neutrino flux is the solar neutrino flux, whose magnitude and
spectrum is discussed in Sec. 2.4, and the target is the pseudocumene within the fiducial
volume used in the analysis.

The cross section of the ν − e elastic scattering interaction is well known, and its
expression can be derived in the framework of the standard model of particle physics.
At the lowest order in perturbation theory, the differential cross section is:

dσν
dTe

(Eν , Te) =
σe
me

[
g2
l + g2

r

(
1− Te

Eν

)2

− glgr
meTe
E2
ν

]
, (3.5)
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where

σe =
2G2

Fm
2
e

πh̄4 = 88.06 · 10−46cm2 , (3.6)

gl = ±1
2

+ sin2 θW , and gr = sin2 θW ' 0.23, where θW is the electroweak mixing
angle. In case of νe elastic scattering g(νe)

l ' 0.73, while for νµ and ντ g
(νµ,τ )
l ' −0.27.

Radiative corrections to the electron recoil energy spectra and to the total cross sections
are computed for ν−e elastic scattering by solar neutrinos in [104]. Radiative corrections
change monotonically the electron recoil spectrum for incident 8B solar neutrinos, with
the relative probability of observing recoil electrons being reduced by about 4% at the
highest electron energies. For pp and 7Be solar neutrinos, the recoil spectra are not
affected significantly.

Borexino can detect neutrinos of all flavors, but νe have a larger cross section than
νµ and ντ , because νe interact through charged and neutral current, while νµ and ντ
interact only via the neutral current. The ratio of the cross sections, evaluated at
different neutrino energy ranges, is:

(
σνµ,ντ
σνe

)
Eνpp

∼ 1

3.7
,

(
σνµ,ντ
σνe

)
EνBe

∼ 1

4.7
,

(
σνµ,ντ
σνe

)
E>5MeV

∼ 1

6.6
(3.7)

Considering also the oscillation of solar neutrinos, the total rate R of ν − e elastic
scattering interactions expected in Borexino is:

R = Ne

∫
dE

dΦ

dE
(E)

(
Pee(E)σνe(E) + (1− Pee(E))σνµ,ντ (E)

)
, (3.8)

where Ne is the number of electron in the active target, dΦ
dE

is the differential energy
spectrum of the considered solar neutrinos, and Pee(E) is the survival probability for
solar νe of energy E. The expected interaction rate in Borexino for the each solar
neutrino component is reported in Table 3.1.

The electron scattered by neutrinos are detected by means of the scintillation light,
retaining the information on the kinetic energy of the electron. The information on the
direction of the recoil electrons is lost, because the scintillation light is emitted isotrop-
ically. The scintillation light is detected with an array of 2200 photomultiplier tubes
mounted on the inside surface of the stainless steel sphere. The number of photomulti-
pliers hit is a measure of the energy imparted to the electron, but has no sensitivity to
the direction of the neutrino. The position of the scintillation event is determined by a
photon time-of-flight method.

The neutrino induced events are intrinsically indistinguishable from β and γ decays.
To discriminate between the neutrino events and β and γ decay events, a careful analysis
on the energy spectrum of the detected events is performed. The basic signature for
monoenergetic neutrinos (like 7Be or pep solar neutrinos) in the energy spectrum is a
box-like edge of the recoil electrons, with end point at Tmaxe . The exact shape of the
energy spectrum of the events induced by neutrino interactions is governed by the solar
neutrino energy spectrum and the ν − e elastic scattering differential cross section.
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Solar neutrino Electron recoil Expected rate Main backgrounds
end point [MeV] [counts/(day·100ton)] in Borexino

pp 0.26 133 14C
7Be 0.665 47.3± 3.4 85Kr, 210Bi
pep 1.22 2.80± 0.04 11C, 210Bi
CNO 1.52 5.4± 0.8 (3.8+0.6

−0.5) 11C, 210Bi
8B 17.72 0.49± 0.05 208Tl, Ext. γ

Table 3.1: The expected interaction rate in Borexino for the main solar neutrino
components. Borexino has already directly measured the rates of 7Be, pep, and 8B
solar neutrinos and has put limits on the interaction rate due to CNO solar neutri-
nos [25, 26, 1, 81]. The pp solar neutrinos might be directly measured in future by
Borexino. The expected rates are based on the latest high metallicity SSM, using MSW
- LMA oscillation parameters [2, 59]. For CNO neutrinos, the expected interaction rate
based on the low metallicity SSM is also reported. In the second column, the electron
recoil spectrum end points Tmaxe , computed with Eq. 3.4, are reported. The prominent
backgrounds for the detection of each solar neutrino component in Borexino are listed
in the last column.

3.3 General description of the Borexino detector

The Borexino detector is extensively described in Refs. [96, 105, 106]. In this section,
the main features of the Borexino detector are recalled. The purification techniques
and plants are covered in [107, 108]. The Borexino detector is schematically depicted
in Figure 3.1-Left.

Borexino is a scintillator detector with an active mass of 278 tons of pseudocumene
(PC, 1,2,4-trimethylbenzene C6H3(CH3)3), doped with 1.5 g/l of flour PPO (2, 5-
trimethylbenzene, C15H11NO ) as a solute [109, 110]. The PC/PPO solution adopted in
Borexino as a liquid scintillator satisfies specific requirements: high scintillation yield
(∼ 104 photons/MeV), high light transparency [111], and fast decay time (∼ 3 ns), all
essential for good energy resolution and good discrimination between β-like events and
events due to α decays.

The scintillator is contained in a thin (125 µm) nylon vessel (Inner Vessel, IV) [112]
and is surrounded by two concentric PC buffers (323 and 567 tons) doped with 5.0 g/l
of DMP (dimethylphthalate) that is added as a light quencher in order to further reduce
the scintillation yield of pure PC. The two PC buffers are separated by a second thin
nylon membrane (Outer Vessel, OV) to prevent 222Rn emanated from the external
materials to diffuse towards the scintillator. The scintillator and buffers are contained
in a stainless steel sphere (SSS) with diameter 13.7 m. A picture of the inner and outer
vessel taken during a calibration campaign is shown in Fig. 3.1-Right.

The scintillation light is detected via 2212 8′′ PMTs uniformly distributed on the
inner surface of the SSS [113, 114]. For each detected photon, the arrival time and the
charge are measured by means of a suitable analog and digital electronics chain. The
Borexino main trigger fires when at least Nthr PMTs each detected at least one photo-
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Figure 3.1: Left: Schematic drawing of the Borexino detector [96]. Right: The inner
and outer nylon vessels in the Stainless Steel Sphere.

electron within a time window of 60 ns. The typical value is Nthr = 25, corresponding
approximately to an energy threshold of 60 keV. When a trigger occurs, the time and
charge of each PMT that has detected at least one photoelectron in a time gate of
16 µs is recorded. The time is measured by a Time to Digital Converter (TDC) with
a resolution of about 0.5 ns, while the charge (after integration and pulse shaping) is
measured by means of an 8 bit Analog to Digital Converter (ADC). This time resolution
is smaller than the intrinsic time jitter of the PMTs which is 1.1 ns.

The stainless steel sphere of Borexino is enclosed in a 18.0 m diameter, 16.9 m
high domed water tank (WT), containing 2100 tons of ultrapure water as an additional
shielding against external backgrounds (γ-rays and neutrons from the rock). Additional
208 8′′ PMTs instrument the water tank and detect the Cherenkov light radiated by
muons in the water shield, serving as a muon counter and muon tracker [105]. The
muon flux, although reduced by a factor of ∼ 106 by the 3800 m water equivalent depth
of the Gran Sasso Laboratory, is of the order of 1 m−2h−1, corresponding to ∼ 4300
muons per day crossing the detector. The readout sequence can also be activated by
the outer detector by means of a suitable triggering system which fires when at least
six PMTs detect light in a time windows of 150 ns.

The key requirement in the technology of Borexino is achieving extremely low ra-
dioactive contamination, at or below the interaction rate of 50 counts/(day·100ton)
expected for solar 7Be neutrinos. The design of Borexino is based on the principle of
graded shielding, with the inner core scintillator at the centre of a set of concentric shells
of increasing radiopurity. All components were screened and selected for low radioactiv-
ity [106], and the scintillator and the buffers were purified on site at the time of filling
[107, 108]. Position reconstruction of the events, as obtained from the PMTs timing
data via a time-of-flight algorithm, allows to fiducialize the active target: approximately
2/3 of the scintillator serves as an active shield. Assuming secular equilibrium in the
Uranium and Thorium decay chains, the Bi-Po delayed coincidence rates in the fiducial
volume of Borexino imply 238U and 232Th levels of (1.67 ± 0.06)×10−17 g/g and, (4.6
± 0.8)×10−18 g/g, respectively, 10 to 100 times lower than the original design goals of
Borexino [25].
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3.4 Scintillation light in Borexino

The choice of the scintillator mixture used in the Borexino detector was performed
taking into account both its optical properties [109, 111] and the radiopurity constraints
dictated by the experiment physics goals. The PC+PPO (1.5 g/l) solution adopted in
Borexino as a liquid scintillator satisfies specific requirements: high scintillation yield,
high light transparency, and fast decay time, all essential for good energy and spatial
resolution and good discrimination between α and β events. This section is devoted
to recall the physics of the scintillation in liquid organic compounds, and describe the
characteristics of the scintillation light in Borexino.

It is known that in an organic scintillator the fluorescence is a property of a single
molecule [115]. The carbon bond in aromatic molecules is made by electrons lying in the
so called σ bond and π bond. The π electron energy levels are quantized in a series of
singlet Sij and triplet Tij states where i denotes the electron energy levels and j denotes
the vibrational sub-levels. The fluorescence light is emitted in radiative transitions from
the first excited state S1 to one of the vibrational sub-levels of the fundamental state.

Charged particle loosing energy in the PC + PPO medium leads to the ionisation and
excitation mostly of the PC molecules (the solvent) which are present in large quantities
with respected to PPO one (the flour). Several processes may happen ranging from the
excitation of a π electron in a singlet Sij state, or the ionisation of a π electron with
possible subsequent recapture in a singlet or triplet excited state, excitation or ionisation
of σ electrons. Direct transitions into a triplet state S0j → Tij are forbidden due to spin
selection rules.

The PPO molecules get excited by radiative (emission of photons from the PC and
absorption in PPO) or non radiative transfer processes (dipole-dipole interaction be-
tween excited PC molecules and a PPO molecule). For solute concentration like the
ones in Borexino non radiative transfer should dominate. Again, fluorescence light can
only be emitted by de-excitation of π electrons in PPO: the π electrons of in the Sij
states promptly reach (through non radiative processes) their first excited state S10

and the scintillation light is emitted in the transition between this first excited state
toward one of the fundamental states S0j. The radiative decay of the PPO excited
molecules is responsible for the observed fluorescence, The emission spectrum of the
Borexino scintillator mixture, with a peak at 360 nm match well the phototube peak
efficiency [96].

The concentration of PPO in PC has been optimised to obtain the maximum yield
(that is the maximum energy transfer form PC to PPO) and the fastest time response
to allow the scintillation event position reconstruction, while minimising PPO self-
absorption.

The PPO emission time is exponential with a time constant of 1.6 ns. By collision,
excitation energy can be transferred to a triplet excitation state T10. This triplet state
has a lower energy than the singlet state. It is therefore impossible to return to the
singlet state by non-radiative transition, but radiative transition are also forbidden by
spin selection rules. The only way to de-excite is the interaction with another solvent
molecule in the same triplet state. This phenomenon leads to the delayed fluorescence.
The time distribution of the emitted fluorescence photons and the light yield depend on
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the various molecular processes taking place as a consequence of the particle energy loss.
Such phenomena do not simply depend on the total energy deposited in the scintillator,
but mainly on how the energy is deposited, in particular on the value of the deposited
energy per length dE/dx. This leads a dependence on the particle type: heavy ionizing
particles like α particles have a large dE/dx which produces large ionization or excitation
density, increasing the probability of transitions to triplet states and the emission of the
delayed fluorescence. The difference in the amount of light emitted at longer times for
α and β events is the basis of the α/β discrimination capability.

3.4.1 Ionization quenching for electrons, α, and γ-rays

The emission of scintillation light in an organic liquid scintillator deviate significantly
from a simple linear relation on the particle energy loss. The scintillation yield strongly
depends on the energy loss per unit of length (dE/dx): large dE/dx, produces large
ionization (or excitation) density, which favour molecular processes where the energy
is dissipated in non-radiative ways. The dissipation of the energy deposited in the
scintillator in non-radiative ways is called quenching [115].

The total amount of light emitted by the scintillator by a charged particle that looses
its kinetic energy E can be written as:

L = Y EQ(E) , (3.9)

where E is the initial kinetic energy of the charged particle, Y is a multiplicative pa-
rameter called scintillator light yield, and Q(E) ≤ 1 is the quenching factor.

The energy loss of a charged particle is related to the particle type; heavy ionizing
particles, like α particles, have large dE/dx. For this reason, the quenching factor Q(E)
for an α particle is larger with respect to a β particle with the same kinetic energy. The
amount of scintillation light induced by a α decay is lower than the amount of light
emitted by a β decay with the same energy.

Gamma rays can not directly excite the molecules of the scintillator. The interactions
of γ-rays in the scintillator are observed by detecting the scintillation light emitted by
the various electrons (and positrons) scattered (or produced) in the electromagnetic
shower generated by the parent γ through photoelectric effect, Compton scattering,
and pair production. Every electron deposits in the scintillator an amount of energy
which is a fraction of the initial energy of the γ-ray. The amount of scintillation light
generated by the γ-ray is then obtained summing over all the electron contributions:

Lγ = Y
∑
i

EiQ(Ei) . (3.10)

The ionization quenching strongly influences the response of the scintillator to γ-rays.
In particular, the amount of scintillation light induced by a γ-ray is lower than the
amount emitted by an electron with the same energy.

Cherenkov light can also be produced in the scintillator if the electron velocity is high
enough. The contribution of the Cherenkov light on the total light emitted depends on
the energy of the electron (or the primary high energy γ-ray), and accounts for ∼ 10%
for a 1 MeV electron.
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Figure 3.2: Left panel Time response of the Borexino scintillator mixture for α and
β particles. Right panel: Gatti variable for 214Bi (β) and 214Po (α) events. The two
components are clearly separated.

3.4.2 Time response and α/β discrimination

The time response of the PC + PPO mixture chosen for Borexino, measured for α
and β particles on small sample of scintillator, is shown in Fig. 3.2 (left) and can be
phenomenologically described by the sum of few exponentials having time constants τi:

S(t) =
N∑
i=1

qi
τi

exp
(
− t

τi

)
, (3.11)

where N = 4 and qi is the fraction of the light emitted following the time behaviour
e−t/τi . The first exponential (corresponding to the fastest time decay) accounts for
the most of the emitted light (∼ 90% for β events and ∼ 65% for α events). The
difference in the the scintillation emission times (pulse shape) for α and β particles, can
be used to identify or discriminate which particle lead to the scintillation event (particle
identification via pulse shape discrimination).

Several methods can be used to discriminate α and β events, leading to different
pulse shape discrimination parameters [116]. One simple parameter, called tail to total
ratio (or tailtot ratio), is simply the ratio between the number of photoelectron hits in
the tail (i.e. after a particular time) and the total number of photoelectrons hits in the
event.

A powerful method used in Borexino to discriminate α and β events is based on the
Gatti Optimal Filter [117, 116]. For both α and β events, it is built a normalized refer-
ence shape that represent the probability distribution P (t) for a photon to be emitted
at a certain time t. The reference shapes are binned in time for ease of comparison with
experimental data. If we denote the respective probability distributions as Pα(t) and
Pβ(t) and the reference shapes as rα[t] and rβ[t] then we have:

rα[t] =
∫ t+∆t

t
Pα(t)dt (3.12)

∞∑
t=0

rα[t] =
∫ ∞

0
Pα(t)dt = 1 (3.13)
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where ∆t is the bin width. The same relations hold for rβ[t] and Pβ(t).
The Gatti parameter for an event with a (binned and normalized) time profile e[t] is

then defined as:

ge ≡
∞∑
t=0

e[t] · w[t] (3.14)

where
w[t] ≡ rα[t]− rβ[t]

rα[t] + rβ[t]
. (3.15)

For time bins where both reference shapes are zero, the weight w[t] is set to zero.
Fig. 3.2 (right) shows the Gatti variable for the α and β samples obtained from the
214Bi – 214Po fast coincidence decay. If an event with N photoelectrons is drawn from
the α (β) probability distribution, then the corresponding Gatti parameter is also a
probability distribution Gα (Gβ). It can be shown that the mean and the variance of
this distribution are

Gα =
∞∑
t=0

rα[t] · w[t] , (3.16)

var(Gα) =
1

N

∞∑
t=0

rα[t] · w2[t]− (Gα)2 , (3.17)

and the same equations hold for events drawn from the β probability time distribu-
tion [117]. The absolute value for the means of the Gα and Gβ distributions are the
same (the differ in sign) and are independent of the number of photoelectrons N (i.e.
on the energy of the event). These conditions are exactly true only if the event pulse
shape is sampled for an infinite amount of time. For real data, sampled in a finite time
window, the mean of the two distributions can be no longer equal in absolute value, and
electronic dead times and dark noise may lead to an energy dependence. The variance of
the distributions are different and get large for low N , resulting in a worse α/β discrim-
ination power at lower energy. More details and informations on the Gatti parameter
and its implementation and usage in Borexino can be found in the PhD thesis [118] and
[119].

3.4.3 Positron interactions and discrimination

The time profile of the scintillation and the quenching for a positron event is different
with respect an electron event of the same energy. After the positron deposits its kinetic
energy in the scintillator, the positron will annihilate with an electron, emitting two
back-to-back γ-rays. A slight difference in the time distribution of the scintillation signal
arises from the time lag of few ns in the physical process of electron-positron annihilation
as well as from the presence of annihilation γ-rays, which present a distributed, multi-site
event topology and a larger average ionization density than electron interactions [120].

Prior to annihilation, the positron emitted in the 11C decay may form a bound state
with an electron in the scintillator, the positronium. The ground state of positronium
has two possible configurations depending on the relative orientations of the spins of
the electron and the positron: the spin singlet state (S = 0, MS = 0), called para-
positronium (p-Ps), with a mean life of 125 ps in vacuum, and the spin triplet state
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Figure 3.3: Left: The raw photoelectron charge spectrum after the basic cuts i-iii
(black), after the fiducial volume cut i-iv (blue), and after the statistical subtraction
of the α-emitting contaminants (red) (see Sec. 5.5.4). The description of the cuts is
the following: (i) muons and all events within a time window of 300 ms after a muon
are rejected, (ii) events with multiple time clusters within the same hardware data
acquisition gate and events within 2 ms and 1.5 m of another event are rejected, (iii)
noise and strange events are rejected, (iv) the reconstructed vertex is required to be
within a 3.021 m fiducial radius and the vertex vertical distance from the detector
centre is < 1.67 m. Right: A Monte Carlo based fit over the energy region 270-1600
keV; the event energies are estimated using the number of photons detected by the PMT
array. Rate values in the legend are integrated over all energies and are quoted in units
of counts/(day·100ton).

(S = 1, MS = -1, 0, 1), called ortho-positronium (o-Ps), with a mean lifetime in
vacuum equal to 140 ns. In liquid scintillator, however, the lifetime of o-Ps is reduced
because of interactions with the surrounding medium: processes like spin-flip, or pick-
off annihilation on collision with an anti-parallel spin electron, lead to the two body
decay with lifetimes of a few nanoseconds. Laboratory measurements of o-Ps properties
common organic liquid scintillators leads to ∼ 3 ns mean life and ∼ 50% formation
probability [121]. The delay introduced by the o-Ps lifetime is comparable to to the
faster scintillation time constant (∼ 3 ns), and therefore is expected to introduce a
distortion in the time distribution of hit PMTs with respect to a pure β− event of
the same reconstructed energy. Additional distortions are expected from the diffuse
geometry of events resulting from the positronium decay, due to the non-null free mean
path of the ensuing γ-rays.

More details on the β+/β− pulse shape discrimination performed in Borexino for the
measurement of the pep neutrino interaction rate can be found in Sec. 5.7.

3.5 The Borexino energy spectrum

An offline reconstruction code is employed in Borexino to reconstruct the time, the
energy, and the position of each recorded event. As a first step, the code identify
in the recorded gate the clusters, groups of time-correlated PMT hits that belong to
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a unique physical event. The number of PMT hits and the total charge (number of
photoelectrons) of the cluster are used as estimators of the energy of the event (see
Sec. 4.2.7 for a more detailed description of the energy estimators). The position is
determined using a photon time of flight method. The understanding of the detector
energy response function, and the accuracy and precision of the position reconstruction
algorithm have been confirmed by means of an extensive calibration campaign using α,
β, γ, and neutron sources deployed within the active target (see [25] and Sec. 4.3.1).

By measuring the position of each events, one can define a Fiducial Volume (FV)
such that the residual external background due to the detector peripheral structures
can be suppressed. Approximately 2/3 of the scintillator serves as an active shield (see
Sec. 5.5.2). The time profile of the PMT hits of each cluster is also used to identify
the event type. Particularly, muons crossing the buffer (if not already tagged by the
outer detector), α particles, and β-like events can be discriminated by mean of the mean
time of the cluster, or the ratio between the number of hits in the tail and the total
number of hits (tail-to-total ratio), and of several α− β discriminating procedures like
the Gatti optimal filter (see Sec. 3.4.2). Borexino has also some separation power to
discriminate between β+ decays and electron recoils (or β− decays), mainly because of
the finite lifetime of the ortho-positronium bound state in the liquid scintillator that
delays a fraction of hits in β+ events (see Sec. 3.4.3 and Sec. 5.7).

The observed energy spectrum based on 740.7 days of total life time before and after
basic cuts is shown in Figure 3.3. The expected box-like spectrum of recoil electrons
scattered by the 862 keV mono-energetic 7Be neutrinos is apparent at 665 keV. All the
end points of the reconstructed energy spectra are scaled to an higher energy, due to
the effect of the energy resolution of the detector.

Prominent backgrounds are also apparent in the spectrum. Below ∼ 250 keV the
spectrum is dominated by 14C decays (β−, Q = 156 keV, half-life 5700 years) intrinsic to
the scintillator [122]. Also the pileup of 14C decays is contributing to the background in
this energy region. The peak at ∼ 440 keV is due to α decay of 210Po (α, Q = 5.41 MeV,
light yield quenched by ∼ 13, half-life 138 days), a daughter of 222Rn out of secular
equilibrium with the other isotopes in the sequence. The 85Kr (β−, Q = 687 keV, half-
life 10.7 years) is a radioactive isotope found in the atmosphere and it is present in the
data due to a small leak of air into the scintillator while filling the detector. The 210Bi
(β−, Q = 1.16 MeV, half-life 120 hours) is a daughter of 210Pb (β−, Q = 63 keV, half-
life 22.2 years), another daughter of 222Rn out of secular equilibrium with the isotopes
in the sequence. The continuous spectrum above 800 keV is the positron spectrum
of cosmogenic 11C (β+, Q = 1.98 MeV, half-life 20 minutes), produced in situ by
muon interactions on 12C in the scintillator [123]. External γ-ray background, mainly
due to 208Tl and 214Bi decays in the detector peripheral structures, provides a small
contribution above ∼ 1.3 MeV.

85Kr and 210Bi decays are the main backgrounds in the energy region sensitive to the
7Be solar neutrino interactions, while 210Bi and 11C decays are the main background
in the energy region sensitive to the pep and CNO solar neutrino interactions (see also
Table 3.1).

The study of fast coincidence decays of 214Bi - 214Po (from 238U) and 212Bi - 212Po
(from 232Th) yields, under the assumption of secular equilibrium, concentration mea-
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surements of (1.67± 0.06)× 10−17 g(238U)/g and (4.6± 0.8)× 10−17 g(232Th)/g in the
scintillator. The 85Kr content in the scintillator is also probed through the rare decay
sequence 85Kr → 85mRb + e− + ν̄e, 85mRb → 85Rb + γ (τ = 1.5µs, BR 0.43%) that
offers a delayed coincidence tag, and the resulting measurement for the activity of 85Kr
is (30.4± 5.3± 1.3) counts/(day·100ton) [25, 77].

The basic analysis method used in Borexino to evaluate the solar neutrino signal rate
is a fit to the energy spectrum. In such fits, the weight for the solar neutrino signal
and the main radioactive background components are left as free parameter. This is
usually done for energy spectra constructed from both the number of PMTs hit and the
total collected charge in the event [25]. The probability density functions (pdfs), that
are the energy reference spectra for the neutrino and radioactive background signals
used in the fit, are generated with two independent methods, one which is Monte Carlo
based and one which uses an analytic modelling of the detector response. Usually, the
fit to the energy spectrum constructed from the number of PMTs hit is performed with
the Monte Carlo based pdfs, while the fit to the energy spectrum constructed from the
total charge is performed with the analytic based pdfs. Both methods benefit from an
extensive campaign of detector calibrations. In order to perform precision measurement
of the solar neutrino interaction rates, the modelling of the energy response function
must be tuned with very high accuracy. The tuning of the Monte Carlo of the Borexino
detector, using the detector calibration data, has been one of my commitments within
the Borexino collaboration. A description of the Borexino Monte Carlo, highlighted on
the tuning procedure and the accuracy obtained, is outlined in Chapter 4.

Although the simple fit to the energy spectrum has lead to the 5% precison mea-
surement of the 7Be solar neutrino interaction rate [25], this analysis technique alone
is not sufficient to evidence the pep and CNO solar neutrino signals and measure their
interaction rate, because of the high background rate due to the cosmogenic β+ emitter
11C. Novel analysis procedures to suppress the 11C background have been developed
and adopted for the pep and CNO solar neutrino analysis. Such techniques, whose
development, application, and tuning have been part of my commitments within the
Borexino collaboration, are described in Chapter 5.





Chapter 4

The Borexino detector response and
simulation

4.1 Introduction

The physics program of the Borexino experiment, in particular the solar neutrino de-
tection, calls for an accurate and complete understanding of the detector response. An
high precision measurement of the 7Be solar neutrino flux, a measurement of 8B solar
neutrinos with low energy threshold, a direct measurement of the rare signal from pep
solar neutrinos, and strong limits of the CNO solar neutrino flux all require a strict con-
trol of detector stability, energy calibration, spatial reconstruction of the events, and
pulse shape analysis.

This understanding was indeed achieved and implemented in a detailed full Monte
Carlo simulation of the Borexino detector which now reproduces the data with accu-
racy of 1% or better for all quantities relevant for data analysis. In order to reach the
understanding and modelling of the Borexino detector response with high accuracy, an
extensive calibration of the detector with α, β, γ, and neutron sources deployed in the
active target has been performed. Besides, a high activity 228Th source was deployed
in the outermost buffer region, outside the active volume [124, 125]. These calibration
campaigns have been crucial to develop, debug, upgrade, and fine-tune the full Monte
Carlo simulation chain of Borexino. In particular, the calibration data has been instru-
mental to validate the physics model used to describe the scintillation behaviour, the
light propagation, and the detector response to the light signal.

The upgrading, debugging, and tuning of the Monte Carlo simulation code has been
one of my commitments within the Borexino collaboration.

The full Monte Carlo simulation is extensively used in all the measurements in Borex-
ino. For what concerns the pep and CNO solar neutrino measurement (see Chapter 5),
the full Monte Carlo simulations have been used in particular for:

• generate the reference energy spectra for the neutrino signal and radioactive back-
grounds used in the fits of the energy spectrum constructed from the numbers of
PMTs hit (see Sec. 3.5 and Sec. 5.9.2.2);

• generate the reference energy spectra and the spatial distribution profile of the
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external γ-ray background components (see Sec. 5.8);

• generate time profiles of the PMTs hit for electron and positron events to investi-
gate the ortho-positronium formation in PC and study the feasibility of a β+-β−
pulse shape discrimination in Borexino (see Sec. 5.7);

• generate the reference profile for many of the pulse shape discrimination variables
based on the Gatti method (see Sec. 3.4.2 and Sec. 5.7.3).

Other use of the Monte Carlo simulations include the search for the best compromise
between 11C rejection and fiducial exposure preservation in the TFC veto (see Sec. 5.5.3),
the evaluation of the systematic uncertainties involved with the uncertainty in the energy
response and in the position reconstruction (see Sec. 5.10.3), and the check of the
reliability of the fit results and uncertainties with simulated event distributions (see
Sec. 5.10.2).

The chapter is organised as follows. A description of the Borexino Monte Carlo chain
and the physical models implemented therein are outlined in Sec. 4.2 of this chapter.
In Sec. 4.3 I describe the tuning procedure used to tune the parameters of the energy
and time response of the detector. The accuracy of the simulation is shown comparing
real and simulated calibration data.

4.2 The Monte Carlo simulation and the physics mod-
elling of Borexino detector

Particles depositing energy in the Borexino Inner Vessel or in the buffer regions produce
scintillation and Cherenkov light which propagate inside the detector and eventually
reach the PMTs, yielding a detectable signal.

For each event, the Borexino detector is measuring the number of photons detected
by each PMT, the charge of each photon hit and the relative time among hits of different
PMTs. The physical informations that can be extracted from the data are the amount
of energy deposited in the scintillator (roughly proportional to the total number of
collected hits or to the total integrated charge), the event position (making a time-of-
flight fit to the time distribution of the hits), and, in some cases, the particle type, from
a pulse shape analysis of the time scintillation signal pattern.

The accuracy in the modelling of the relation between the measured observables and
the physical quantities relies on the understanding of all the physical processes govern-
ing the particle energy loss in the various materials, the scintillator light production,
propagation and detection. Besides, it depends on the characteristics of the detector
electronics and of the triggering system.

The Borexino full Monte Carlo simulation has been designed and optimised to fully
model and reproduce all these processes up to the signal detection, providing simulated
events in the very same format produced by real data acquisition. In this way, the
event reconstruction and analysis can be used on both real and simulated data, and
blind analysis is in principle possible.

The full Monte Carlo simulation chain consists of a set of numerical codes that
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• generates the event (in particular, elastic scattering interactions based on the
solar neutrino spectrum, radioactive decays, calibration source events, muons and
cosmogenic production, antineutrino interactions);

• simulates the energy loss of each specific particle in every material present in the
detector;

• generates the scintillation or Cherenkov photons from the particle energy loss in
the media and the property of the scintillator and the buffer;

• tracks each single scintillation photon including its interaction with the scintillator
and with the materials until a photomultiplier is reached or the photon is lost;

• generates the PMT pulse signal and the measured signals taking into account the
specific design of the front end and digital electronics chains of Borexino;

• simulates the trigger response and produce the final output for triggering events;

• produces a set of data formally identical to the real raw data.

These simulated data are then decoded and reconstructed with the same offline code
used for the real data.

The Borexino simulation chain is structured in three (or four) independent programs:

• GeNeb, an optional Fortran code for event generation and energy deposit.

• g4bx, a Geant41 based code for the event generation, energy loss, light generation
and tracking.

• bx_elec, the electronics simulation code that simulates the trigger, the response
of the electronics and produces an output in the same format of the raw data.

• Echidna, the offline reconstruction code, which can be used to reconstruct simu-
lated data in the same way of real data.

4.2.1 The event generation

Several event generators have been built within the Borexino Monte Carlo simulation
code, including generators for elastic scattering events of each solar neutrino compo-
nent, radioactive decays (within the RDM module), calibrations sources, muons and
cosmogenic production, neutrons, and antineutrino interactions.

1Geant4 is a object oriented C++ toolkit for the simulation of the passage of particles through
matter. The tools of the package permits to build an accurate modelling of the detector geometry and
materials [126].
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4.2.1.1 The solar neutrino generator

A special event generator that simulates elastic scattering interactions for each specie
of solar neutrino has been developed in g4bx. The solar neutrino energy spectra are
taken from the computation of John Bahcall and his collaborators [127]. The oscillation
effects, which turns some νe into νµ or ντ are included. The electron neutrino survival
probability (Pee) is calculated in the framework of the LMA-MSW oscillations (see
Sec. 2.7). The solar neutrino generator simulates the flavour conversion according to
the energy of the neutrino and the oscillation parameters ∆m2

sun and θsun given as
input. The Sun matter effects are computed according to [128]. The kinetic energy of
the electron recoils are randomly extracted according to Eq. 3.5.

4.2.1.2 The radioactive decay generators

Several radioactive decay generators are available in the Borexino Monte Carlo frame-
work. One generator is implemented within the Fortran code GeNeb, originally devel-
oped at the beginning of the project and extensively used during the CTF runs in the
’90s to prove the feasibility of the experiment. GeNeb can generate each radioactive
chain and computes the energy deposit for α, β and γ particles in the scintillator using
the EGS4 library.

In g4bx, the main radioactive decay generator is Radioactive Decay Module (RDM)
implemented within Geant4. RDM and the associated classes are used to simulate the
decay of radioactive nuclei by α, β± and γ emission and by electron capture (EC).
The simulation model is empirical and data-driven, and uses the Evaluated Nuclear
Structure Data File (ENSDF, [129]). If the daughter of a nuclear decay is an excited
isomer, its prompt de-excitation is treated.

Another radioactive decay generator in g4bx is the custom SCS generator, which is
used to generate “by hand" the energy spectra of some nuclear decays. The SCS model
is used do generate the spectral shapes which are wrongly implemented on RDM, or
which have different references in literature, like 14C or 210Bi. More details on the
GeNeb, RDM and SCS generators, as well as figures with energy spectra can be found
in the Borexino internal note [130].

4.2.1.3 The positron generator

Special care was devoted to generate positrons interactions. As described in Sec-
tion 3.4.3, in a fraction of the cases, positrons are captured by electrons before an-
nihilation and form positronium [120]. The positronium may be created in the ortho-
positronium (o-Ps) state, which has a mean life in the scintillator of ∼ 3 ns [121],
comparable to the faster scintillation constant. This effect delays the annihilation, the
further energy deposit of the annihilation γ-rays, and the corresponding scintillation
emission. o-Ps decays in 2 γ-rays because of the peak off effect.

The life time of ortho-positronium in PC+PPO mixture was measured in [121] and
is ∼3 ns while the ortho-positronium formation probability was found to be ∼50%.
The o-Ps generation and the related delay in the annihilation γ-rays interactions have
significant impact on the emission time of the detected scintillation light (pulse shape).
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The difference in the pulse shape of an electron event with respect to a positron event
has been be used to discriminate β− decay (or e− recoils) from the 11C β+ decay (see
Sec. 5.7).

A special event generator that simulates this effect has been developed. According
to the input o-Ps formation probability, the code generates positron annihilations and
positronium decays. The latter process is simulated as a three-body vertex, composed
by an electron, and two delayed annihilation gammas. The use of electrons instead of
positrons is an approximation aimed to simplify the simulation, and motivated by the
almost identical energy losses, with the exception of the annihilation process. The delay
of the gamma generation is ruled by an exponential law depending on the o-Ps mean
life, given as input.

4.2.1.4 The calibration source generator

Great care was devoted to the simulation of the γ and neutron calibration source runs
(see Sec. 4.3.1). The construction of the quartz vial and the water solution containing
the radioactive source is included in the detector geometry and material construction.
The calibration source is simulated in its real position, given as input. The decay of the
radioactive source is simulated taking into account the correct branches of the decay.

4.2.2 The energy loss

The tools of the Geant4 package implemented within the Borexino Montecarlo Code
allow to build an accurate modelling of the detector geometry and materials: the outer
tank, Stainless Steel sphere, nylon vessels, photomultipliers and light cones, are con-
structed with real sizes and material compositions. Special tools have been added to
take into account the real shape of the Inner Vessel and its time dependent deviations
from a spherical shape.

The Geant4 libraries simulate the energy loss of each type of particle in every material
of the detector (scintillator, quencher, water, nylon, aluminium, steel). The relative
low energy of the typical events in Borexino make the tracking of each daughter (i.e.
Compton electrons or e+e− pairs in γ-rays interactions) possible and preferable, allowing
in principle high accuracy in the predictions. The standard Geant4 libraries are used
for these processes. The stopping range of α particles is very short and can be neglected
in the simulation, so the energy loss is effectively point-like.

4.2.3 The light generation

Two distinct physical processes generate light in the Borexino detector: the scintillation
process and the Cherenkov process. The former is the dominating process, being the
Cherenkov contribution at the level of ∼ 10% for an electron of ∼ 1 MeV. Within g4bx,
special modules generate scintillation and Cherenkov optical photons according to the
particle type and the deposited energy. A large part of the Monte Carlo tuning that
we have performed is involving the scintillation photon yield, the quenching effect, and
the time distribution of the emitted scintillation light.
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4.2.3.1 Scintillation light

The amount and time distribution of the emitted scintillation photons depend on various
molecular processes taking place as a consequence of the particle energy loss. The
physics mechanisms involved in the scintillation process are outlined in Section 3.4, and
more details can be found in the textbook [115].

The emission of light can not be simulated ab initio (i.e. at molecular level), because
too many molecules and processes should be taken into account, resulting in an imprac-
tical simulation time. In the Borexino Monte Carlo, the emission of scintillation light
is modelled in a semi-empirical way.

The mean number optical photons emitted in the scintillation process is first com-
puted from the primary particle (e− or α) energy loss, including the quenching effect.
The scintillation model used in the Borexino Monte Carlo is the semi-empirical Birks
model [115]. The Birks model relates the scintillation emission to the average ioniza-
tion particle energy loss, dE/dx, and on the phenomenological Birks parameter kB.
The Birks parameter depends on the scintillator composition and properties, and on
the length of the acquisition time. For most of the organic scintillators and setups, kB
is of the order of 10−2 cm/MeV, but its precise value cannot be predicted, and has to
be determined experimentally. It is not still clear whether the Birks parameter have to
be the same for different type of particles. In Borexino, we define a Birks parameter
for each particle type, and we tuned it independently on the others. It turned out that
Birks parameters for different particle type have very similar values. The Birks semi-
empirical formula yields the scintillation light yield dL produced when a particle looses
energy in a distance dx with the stopping power dE/dx:

dL

dx
=

L0dE/dx

1 + kB · dE/dx
(4.1)

The Birks parametrisation is a macroscopic description of quenching, and can not be
used directly in a stochastic approach as in Monte Carlo simulations. In the Birks model,
in fact, the quenching effect is obtained by comparing the initial energy of the primary
particle with the energy deposited in the detector. In particular, all energy deposits due
to secondaries produced by the primary particle (like δ-rays or X-rays) are assumed to
belong to the primary. On the other side, in the Monte Carlo approach, each particle
is treated independently. A correct parametrisation of the Birks formalism requires
therefore to make the model compatible in a Geant4 framework, by evaluating the
quenching factor for the primary ionizing particle, and inheriting the same factor to each
daughter. The ingredients for this simulation approach are: an a priori parametrisation
of the energy loss, required by the Birks equation, and a table of quenching factors as
function of the energy, built at the initialisation phase, to speed up the simulation.

The mean number of emitted scintillation photons is obtained integrating Eq. 4.1 on
the particle range:

L(E) = L0

∫ E

0

dE

1 + kB · dE/dx
(4.2)

One of the limiting case of Eq. 4.1 is kB · dE/dx � 1: in such cases, the light yield
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L(E) is approximately proportional to the particle energy loss ∆E:

L(E) ' L0∆E . (4.3)

This is a relatively good approximation for electrons of few MeV.
When the denominator in Eq. 4.2 differ significantly from 1, the light yield is lower

than in Eq. 4.3, yielding an intrinsic non linearity between the energy loss ∆E and
the emitted scintillation L(E). This non linearity has to be properly modelled and
accounted in the data analysis. In the Birks model, the quenching factor Q(E), that is
the ratio between the true light yield and the one expected from the simple linear law
4.3, assume the form (see Eq. 3.9)

Q(E) =
1

E

∫ E

0

dE

1 + kBdE/dx
(4.4)

and it is always lower than one. The deviation of the measured light yield from Eq. 4.3
is increasingly important for protons, α particles, and nuclear fragments due to the
high ionization per unit length. The quenching effect is also important for electrons
and γ-rays with energy below few hundreds keV, as described in Sec. 3.4.1). The two
parameters used to model the scintillation and the quenching L0 and kB are not known
a priori, and are obtained by comparison between simulated data and the measured one
(see Sec. 4.3.3)

For every electrons with energy E the mean number of scintillation photons to gen-
erate is computed in g4bx through Eq. 3.9 with Q(E) given by Eq. 4.4 and obtained
using the expression of dE/dx reported in [131] including the correction for positrons.
The accuracy of dE/dx at very low energies (below and around 10 keV) is a subject of
scientific debate still in progress [132].

The number of scintillation photon to generate is then randomly fluctuated according
to the Poisson statistics. The wavelength of the each scintillation photon is generated
according to the measured emission spectrum of the PC+PPO (1.5 g/l) scintillator
mixture or PC+DMP buffer liquid [109]. The emission time of each scintillation pho-
ton is randomly generated according to the semi-phenomenologically response of the
scintillator, Eq. 3.11, with different parameters for α and β particles (see Sec. 3.4.2 and
Sec. 4.3.2).

4.2.3.2 Cherenkov light

Cherenkov photons are generated according to the Frank Tamm law in the wavelength
range between 245 nm and 1800 nm. Ultraviolet Cherenkov photons that would not be
directly detected by the photomultipliers are also generated and tracked: they can be
absorbed by the PC or PPO and reemitted at higher wave length and thus they can
originate detectable signals.

4.2.4 The light tracking

Each optical photon is individually tracked applying of all relevant physics processes
(emission, absorption and re-emission, scattering on molecules, reflection on surfaces,
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refraction between different media and absorption), allowing in principle high accuracy
in the predictions.

Photon tracking takes into account the interactions of the emitted photons with
each single component of the scintillator and or the buffer. These processes include
elastic Rayleigh scattering of photons, absorption and re-emission of photons on PPO
molecules, absorption of photons by DMP molecules and also photon absorption in thin
nylon vessels. The cross-sections (or equivalently the wavelength dependent attenuation
length Λ(λ)) for these interactions have been obtained from measurements of the ex-
tinction coefficient as a function of the wavelength [111] while the scintillator refraction
index has been measured with a reflectometer.

In our model the light absorbed by PPO molecules is re-emitted with the probability
Q=0.82 if the wavelength of the absorbed photon is lower than 375 nm and Q=0.15 for
wavelength higher than 375 nm. We assume that the light is re-emitted in the IV with
the PPO emission spectrum. The re-emitted photons are modelled with an isotropic
distribution and emission mean time τ = 1.1 ns.

Interaction of light with PC for λ > 310 nm is simulated as Rayleigh scattering with
an angular distribution P(θ) = 1 + cos2(θ), without time delay, and with no shift in
the wavelengths of emitted photons. At shorter wavelengths the interaction with PC
is simulated as attraction by PC molecules with the following energy transfer to PPO
and re-emission by PPO with probability Q=0.4 and emission time τ = 2.7 ns.

In buffer medium the light interacts with DMP molecules also as with the PC. The
interaction with DMP leads to full photons absorption. Interaction with the PC is
considered as Rayleigh scattering for λ > 310 nm. At shorter wavelengths the interac-
tion with PC is simulated as attraction by PC molecules followed by re-emission with
probability Q=0.04 with buffer scintillation spectrum and emission time τ = 2.8 ns.

This light propagation model was already validated in CTF detector [111].
The Geant4 code optical photon simulation takes into account the Borexino detector

optical surfaces and the processes of light reflection and refraction such as reflection of
light from the PMT photocathodes, PMT aluminium light guides, stainless steel vessel,
refraction of light on the borders of scintillator, nylon vessels and pseudocumene buffer.
Finally photons are detected by PMT with a probability following the wavelength de-
pendence of photomultipliers quantum efficiency.

4.2.5 Photomultipliers and light guides

Amodel for photomultiplier tubes (PMTs) is implemented in g4bx code to fasten the cal-
culations: the segment of sphere with photocathode surface and the aluminium cylinder
to model the PMT backup. All PMTs installed in the detector are build in the simula-
tion in their exact positions. The optical photons are detected taking into account the
measured wavelength dependences of PMT quantum efficiency and the relative PMT
quantum efficiency of each PMT. The quantum efficiency of Borexino PMTs as a func-
tion of wavelength was measured with laser techniques [113] before PMT installation
into Borexino and checked during detector operation period.

The polished aluminium lightgudes [133] and the reflection of photons from the light
guide surfaces also simulated.
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For each each photon detected (hit), the time of the hit and the PMT logical number
are written to the output of g4bx. The PMT logical number describes the real logical
electronics channel and PMT position in the detector. The simulation of PMT response
to detected photons is done in bx_elec, the electronics part of the Borexino MonteCarlo
simulation code.

4.2.6 The electronic simulation

The Geant4 code g4bx produces an output with the list of photons that gave a signal
in a PMT, and the list of the hit times. Another C++ program, bx_elec, simulates
the electronics chain and the triggering system, producing as an output a file formally
identical to real data for all events that met the trigger conditions. The description of
bx_elec is outlined of this section.

The electronics simulation program first includes the effect of the PMT transit time
spread (approximately a gaussian with σ ∼ 1 ns and a second peak at 60 ns) and
includes the after-pulse signal with a fixed probability of 2.5%. The after-pulse signal
was measured for all PMTs in a dark-room before installation in Borexino. Then, the
hits due to PMT dark noise are using an average value equal to the measured one in
the real data run. The typical dark noise rate is below 1 kHz for most of the PMTs.
In the real detector, all PMTs are carefully aligned in time by means of a laser pulse
that is synchronously delivered to each photocathode. This laser pulse is fired every
0.5 ns in all runs, so that alignment can be continually monitored. The accuracy of the
alignment is better than PMT time jitter, so no other effect must be included in the
simulation.

Then the code simulates the response of the electronics chain. Borexino electronics
is made by an analogue front end and a digital board which works both as a TDC and
as an ADC [96].

The analogue board provides two signals: a linear amplification of the PMT signal,
and a gate-less integrated signal. The first linear signal is discriminated by the digital
board to measure the time of the pulse (with 0.5 ns resolution), while the integrated
signal is sampled by the ADC to measure the charge of each pulse. The integrator
circuit is such that the signal is almost constant for 80 ns after the pulse, and then
decays with a time constant of 500 ns because of the AC coupling between PMT and
front-end. In order to minimise the noise in the charge measurement, when the linear
signal goes above the discriminator threshold, the integrated signal is sampled twice
with an 8-bit ADC, once before the signal rise and a second time after 80 ns. The real
charge is proportional to the difference of these two ADC values. After each hit the
digital board is dead for approximately 140 ns. This means that when two hits closer
than 140 ns hit the same PMT, the second hit is lost for the time information. If the
time difference is less than 80 ns the charge measurement of the detected hit will be
doubled, while in the interval between 80 and 140 ns the second hit is completely lost.
Although the frequency of multiple hits in the same PMT is rather small, especially at
low energy, this effect must be accurately simulated to reproduce the energy response
of the detector. The frequency of double hits depends on the event position (if the
scintillation event is close to a group of PMTs, these see more light and the frequency
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is higher) and on the energy, introducing a small non linearity and non uniformity that
must be included in the analysis.

The electronics simulation code generates the charge associated to the pulse using an
exponential plus a gaussian distribution to reproduce the single photoelectron response
of the PMTs. The specific parameters for each PMT and the weight of the two con-
tributions (different in the case of dark noise events and real scintillation events) have
been obtained from the analysis of the real data. Then a PMT pulse with that charge is
generated using a trapezoidal shape to approximate the rise and fall time of the signal,
and the crossing of the discriminator threshold is simulated.

The program handles the front end behaviour properly summing the charge of the
pulse produced on the same PMT within the 80 ns integration time; it takes also into
account "the pileup effect" of the integrator output, i.e. the fact that a pulse detected on
a given channel produces a raise of the integrator baseline and a following exponential
decay that influences the measurement of the charge of the following pulses. The 140 ns
dead time is of course included in the simulation.

A physical trigger in Borexino and in the Monte Carlo happens when NThr hits
are detected within a time window ∆t. Typically NThr=25 and ∆t=100 ns. The
Monte Carlo reproduces also the time structure of the acquired data which is due
to details of the design of the digital board. In fact when the trigger is generated
all the hits happening in a time window (acquisition gate) having typically 16 µs of
duration are acquired. This is a time about 10 times longer than the maximum expected
duration of a single physical scintillation event. The acquisition gate contains the true
scintillation event and several dark noise hits happening before and after the trigger.
Multiple scintillation events due to fast radioactive decays may produce events with hits
in the same gate and this effect is properly simulated in the Monte Carlo. Additional
informations present in the real data like the generation of the GPS time are also
included in the code.

Finally, the code is also capable of including the effect of noisy and bad channels.
During normal data taking, a dedicated program makes a complete check of the elec-
tronics during the run, and store into a data base the list of dead or noisy channels. The
electronics simulation program reads this data base and can therefore simulate a run
in the same running condition. This is particularly important to correct for detector
instabilities. All simulations used for physics analysis are therefore done simulating the
real Borexino detector, and not the ideal one.

4.2.7 The reconstruction program

The principal features of the Borexino reconstruction program (Echidna, and the addi-
tional high level reconstruction step MOE) are outlined in Sec. 3.5.

Three basic energy estimators are available (both in the data and in the Monte
Carlo):

• npmts: the number of PMTs having at least one hit.

• nhits: the number of hits detected by the electronics. Multiple hits on the same
PMT are included if their time distance is higher than 140 ns.
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• charge (npe): the sum of the charge of signal of every PMT as measured by the
digital boards (taking into account the 80 ns integration time and dead time)
and normalized, for each PMT, to the peak position of each single photoelectron
response.

These three basic energy estimator can then be implemented in several ways, depend-
ing on the considered length of the cluster (either fixed or variable), the presence of
additional dead time after the 140 ns to remove spurious hit due to re-triggering, and
the application of the subtraction of the expected dark noise hits.

The variables used in the pep ν and CNO νs analysis are described in Sec. 5.6.

4.3 The tuning of the Borexino Monte Carlo

The simulation of the scintillation and the optical process requires a large number of
parameters to be fixed and given as input to the Monte Carlo code. Such parameters
determine the way physical and electronics processes take place in the simulation, and
in the end, they are responsible of the output of the simulation, such as the time
distribution of hit PMTs and the total number of hit PMTs. The understanding of such
processes and the tuning of the corresponding models and parameters in the simulation
leads to the understanding of the detector energy and time response, allowing high
precision measurements, like the 7Be solar neutrino flux [25], and measurements of rare
signals, like the pep and CNO solar neutrino interactions (see chapter 5).

In order to reach the understanding and modelling of the Borexino detector response
with high accuracy, an extensive calibration of the detector with α, β, γ, and neutron
sources deployed in the scintillator active target has been performed after one year and
a half of data taking (see Sec. 4.3.1 and the PhD thesis [134] for more details). The
set of calibration campaigns, which I participated, have been completed in November
2008, January 2009, and June and July 2009. Besides, a high activity 228Th source was
deployed in July 2010 in the outermost buffer region, outside the active volume [124,
125].

The goal of the Borexino calibration campaigns was in particular to:

• Measure the accuracy of the event position reconstruction for events generated
in the whole vessel and in the energy range from about Emin ' 100 keV up to
Emax ' 7 MeV.

• Measure the resolution of the event position reconstruction as a function of the
event position and energy.

• Calibrate the absolute energy scale from ∼ 100 keV to ∼ 7 MeV, with particular
emphasis in the 7Be ν and pep ν energy region, i.e. ∼ 200 keV up to ∼ 2 MeV.

• Measure the energy resolution.

• Measure the non-uniformity of the energy response as a function of the event
position and of the energy.
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• Check the effect of the external background.

The accuracy of the event position reconstruction is important for all solar neutrino
measurements. The real neutrino target is a fiducial volume (FV) defined by software
cuts on the reconstructed event position (see Sec. 5.5.2). A bias or a non uniform re-
sponse in energy or position can bias the measured spectrum and lead to the systematic
errors.

Spectral distortions due to non-linearity or position dependence of the energy resolu-
tion (see Sec. 5.5.2.2) are also crucial, and the absolute energy calibration is particularly
important to disentangle the 7Be ν signal from the 85Kr background and the pep ν signal
from the 210Bi background.

Finally, the external background, is a non negligible contribution in the energy region
above one MeV and is therefore important for the pep CNO and 8B neutrinos. A precise
knowledge and understanding of this background is mandatory in order to use a larger
fiducial volume (see Sec. 5.5.2 and Sec. 5.8).

The calibration campaign of Borexino provided a clean sample of data that has been
used to check the accuracy of the results of Borexino Monte Carlo code and to precisely
tune the values of the relevant parameter in the simulation of the physics and electronics
process. The parameters that have been optimised are:

• The absolute scintillator photon yield L0 (see Sec. 3.4). This is expected to be
in the range ∼ 104 photons/MeV but its precise value has to be experimentally
determined.

• The kB quenching factor for β, α and protons (see Sec. 3.4.1).

• The values of the scintillation parameters that describe its time response τi and
qi (see Sec. 3.4.2 and Eq. 3.11).

• The reflection probability of the sphere and of the surface of the concentrators.

• The PPO re-emission probability.

• A scaling factor for the PPO and PC attenuation lengths.

• The after-pulse probability (see Sec. 4.2.6).

• A global scale factor in the PMT gain (see Sec. 4.2.6).

Optimising the simulation of the time response and light output means defining the
set of values of the scintillation and optical parameter that gives the best accordance
with calibration source data. The time response and light output cannot be tuned inde-
pendently because almost all of the listed parameters influence the energy estimators.
We have used an iterative and recursive approach in which the agreement between the
simulated and measured time curves is searched with fixed light yield and kB and then
these parameters are optimised again.
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Isotope Type Energy (keV) activity (Bq)
57Co γ 122 3.45 ± 0.07
139Ce γ 165 3.12 ± 0.04
203Hg γ 279 2.78 ± 0.06
85Sr γ 514 -
54Mn γ 834 -
65Zn γ 1115 -
60Co γ 1173 - 1332 -
40K γ 1460 -
222Rn α β 0-3200 -
14C β 0-156 -
241Am-9Be neutrons 2223 (H) - 4946 (12C) -

Table 4.1: Calibrations sources. In the 85Am–9Be source row, the quoted energy is the
one of the capture γ-ray on the isotope in brackets.

4.3.1 The calibration data

Several radioactive sources have been deployed within the Inner Vessel (IV) by means
of a carefully designed insertion system [134]. The sources were selected in order to
study the detector response in the energy region between 122 keV and 7 MeV with α,
β, γ and neutrons. Table 4.1 shows the main parameters of the sources used. The char-
acterisation of the detector cover both the energy range for solar neutrino spectroscopy
and the whole fiducial volume.

Despite of the relatively large detector mass, the interaction rate for solar neutrinos
in Borexino is of the order of a few tens of counts/(day·100ton) or even less than
one counts/(day·100ton), depending on the solar neutrino component (see Sec. 3.2 and
Table 3.1). The low signal rate set very strong requirements on the background induced
the radio-purity of all materials that have to be inserted in the detector itself. Particular
care has been therefore devoted to the preparation and handling of the calibration
sources and of the related insertion system as described in the PhD thesis [134] to ensure
that the radio-purity reached by Borexino [25, 77, 78] is not spoilt by the calibration
procedure.

In order to calibrate the detector without introducing unwanted contaminations, the
source containers have been carefully designed. We have used a quartz sphere (one inch
diameter) either filled by 222Rn loaded scintillator identical to the Borexino or filled with
γ emitters in aqueous solution. The quartz sphere were attached to a set of stainless
steel bars that allowed to locate the source in almost any position within the IV (see
the PhD thesis [134]).

A special procedure was developed to minimise the quenching of the scintillation
light by oxygen. The comparison of the 210Po peak due to source events with the one
due to real 214BiPo coincidence in the detector shows that the result was quite good
and that the light quenching in the source was small.

The β and α events from the 222Rn source have been used to study the accuracy of
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the position reconstruction and the uniformity of the energy response as a function of
the event position. The γ lines have provided the absolute energy scale along the whole
region of interest.

In addition we have used a commercial 85Am–9Be neutron source. The α decay of
241Am produces a 59.5 keV x-ray with a 36% branching ratio. Because of this x-ray
activity (about 180 kBq), too high for the data acquisition system, it was necessary
to shield the source. To avoid any contact between lead and the scintillator, a special
holder was fabricated: the body is white delrin, and the lead shielding is epoxied into
the interior faces of the holder; stainless steel hardware and a Viton o-ring seal the
holder to avoid any contact between the scintillator and the source itself.

The sources have been deployed along the vertical z axis of the inner vessel and
in several position off axis. An optical system made by a led mounted on the source
support and a series of camera allows to know the position of the source in the inner
vessel with 2 cm accuracy. For more details about the sources, the deployment system
and the location of the sources with the cameras see the PhD thesis [134].

4.3.2 Tuning of the time response

The time distribution of hits is involved in the reconstruction of the main features
of the event: the clustering and the total number of hits in the event, the position
reconstruction, the particle identification using pulse shape discrimination algorithms
(see Sec. 3.4.2 and Sec. 3.5). In order to be able to simulated these high-level features,
the time distribution of the hit PMTs (henceforth time distributions) must be simulated
with at least 5% agreement with data, for each time bin and in the energy range used
in the analysis. In particular, the mean and the peak of the time distribution should be
reproduced with 1 ns accuracy, and the other momenta of the distribution should not
disagree more then few nanosecond.

The parameters that influences the most the time distribution are: the scintillation
parameters (τi, qi), the PPO re-emission probability, the scaling factors for the PPO
and PC attenuation lengths, the reflection probability of the SSS, concentrators and
PMT cathode. The Scintillation light parameters (τi, qi) are the one with the largest
impact on the shape of the time distribution: they affect the profile from the first
nanoseconds to tail of the distribution. PC and PPO scaling factors and attenuation
lengths and PPO re-emission probability affects the rise of the time distribution and the
width of its peak. They are also responsible for the uniformity of the energy response
respect to the position of the event. The reflection probability of the source of the SSS,
of the PMT concentrators and of PMT cathode affects the time distribution with a
secondary structure of hits at 50-70 ns. For what concerns the simulation of the PMTS
and the electronics (see Sec. 4.2.6), the parameters that affects the time distribution
are the PMT transition time spread and the PMT afterpulse probability and its time
distribution. Both of them have been measured and included in the simulation. The
transition time spread affects the rise time of the distribution and the width of its
peak, and it is responsible of a secondary bump at ∼ 60 ns after the peak. The PMT
afterpulse affects the time distribution with secondary hits from 140 ns to the end of
the pulse.
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Most of these parameters, with the exception of the τi and qi for α events, have
been fine-tuned using the following γ-ray source runs as reference: 85Sr in 8 positions,
54Mn, 65Zn and 40K at centre and at z = ±3m. The use of calibration data provides
a set of advantages: calibration source runs ensure high statistics samples of pure and
monochromatic and point-like events, allowing to study the dependence of the accuracy
of the simulation of the time distribution with respect to the energy and position of
the event. The ensemble of this source scans the relevant energy and position range
for 7Be ν analysis. The γ-ray sources have been employed to optimise the simulation
of the time distribution of β events because the time distributions of β and γ events
are very similar. In fact, γ-rays undergo Compton scattering on the electrons of the
scintillator. Recoil electrons loose energy and produce scintillation light. Hence, the
γ-ray is detected as superpositions of electron events of lower energy, close in space and
time. Once the whole set of parameters have been tuned for β events, the α decay times
and weights have been tuned using 214Po events in 222Rn sources.

The following iterative procedure has been followed. From a given calibration data
run, the time distribution is built. The events coming from the calibration source
are selected cutting events reconstructed outside a sphere of 1 m from the nominal
source position. Only events with reconstructed energy around the nominal energy on
the source are considered. Muons events and muon daughters are rejected using the
external muon veto and the standard analysis cuts (see [105] and Sec. 5.5.1).

The very same calibration run is then simulated (see Sec. 4.2.1.4) with a given set of
optical parameters. Great care was devoted to simulate the electronics configuration in
the same configuration of the real run. In particular we have included the pattern the
PMTs that were disabled during the run, the measured dark noise of the PMTs, based
to the rate of random triggers during that run, the gain of each PMT, taken from to
the electronics calibrations of the real run. The procedure of event selection described
in the previous paragraph is performed on the simulated events. The time distributions
of the selected simulated events are then compared to the corresponding distribution
for real data events. For sources located at z = ±3 m from the centre of the detector,
the time distributions are also compared using only the time distribution of hits in a
subset of PMTs near or far from the source.

The optical parameters that leads to the best accordance between simulated and
real time distributions are then selected. The comparison is done with the method of
the least squares. Direct comparison using the eyes (that are the best tool of pattern
recognition at present time) is also performed to select the final choice of configuration
parameters.

A final overall check for β and α time distributions is done using the sample given by
the 214BiPo coincidences on normal runs (see Sec. 3.5). These events are distributed in
the whole volume of the Inner Vessel. This allow to check the goodness of the simulation
on the overall fiducial volume, instead of a point-like source. The inhomogeneity of the
position of 214BiPo events along the vertical axis is taken in account with the method
of rejection.
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4.3.3 Tuning of the energy response

The physics goals of the Borexino experiment (see Chapter 3) require to simulate the
energy estimators with ∼ 1% accuracy in the energy range 100 keV – 2 MeV relevant
for the 7Be ν analysis [25] and with a similar accuracy in the energy range 200 keV –
2.6 MeV used in the pep ν analysis (see Chapter 5).

The tuning of the energy response is performed defining the photon yield L0 and
the Birks quenching parameter kB in the simulation that gives the best accordance
with data. For a given energy estimator (see Sec. 4.2.7), the ratio between the position
of the energy spectrum peaks of events with different energy is mostly related to the
quenching factor kB, while the absolute energy scale is determined by L0. Being none
of the energy estimators described in exactly linearly related to the energy and to L0,
then no rescaling of the simulation results is applied: we aim to reproduce the absolute
values of the energy estimators with given L0 and kB.

The reproduction of the energy estimator npmts is related to the accuracy of the
models of the energy loss, light generation and interaction in the media. The energy es-
timator nhits depends also on the accuracy of the electronics simulation (see Sec. 4.2.6),
mostly because of the electronics dead time and the afterpulse. The charge (npe) energy
estimator is also related to the accuracy of the simulation of the shape of the photomul-
tiplier pulses and of the single photoelectron charge spectrum of each photomultiplier.

The tuning of the simulation of energy response is performed as follows. As a first
step, we tune the photon yield L0 and the Birks parameter kB with calibration sources
located in the centre of the detector (see Sec. 4.3.3.1). The tuning of the photon
yield and the Birks parameter is performed mainly using the npmts and nhits energy
estimator. The adjustment of the nhits and charge simulation, if needed, is obtained by
tuning the parameters of the electronics code bx_elec (see Sec. 4.3.3.2). A comparison
with 11C spectrum (tagged with the TFC method, see Sec. 5.5.3) is performed in order to
understand the agreement of the simulation the whole fiducial volume (FV). If needed,
an effective L0 for the simulation of the events in the FV is defined.

4.3.3.1 Tuning of the quenching for e− and γ-rays

The calibration sources used for the tuning of the energy response in the centre of the
detector are the γ emitter isotopes: 57Co, 139Ce, 203Hg, 85Sr, 54Mn, 65Zn, 60Co and 40K.
Such sources allow the tuning of the simulation of the energy response for e± and γ
events in the energy range between ∼ 60 keV and ∼ 2.4 MeV. Because of the quenching
effect (see Sec. 3.4.1), the amount of light induced by a γ-ray is lower than the light
emitted by an electron of the same energy.

The cuts to select the γ-rays emitted by the calibration source in the centre of the
detector are the same described in Sec. 4.3.2. However, the energy of 57Co, 139Ce, and
203Hg γ-rays lies below the high-rate 14C decay end point, and the position cut is not
sufficient to remove 14C events. In order to obtain a clean spectrum of γ-ray events
for these source runs, a subtraction of background events must be done. A bin per bin
subtraction of the average energy spectrum of the two normal runs just before and after
the calibration run is performed. This procedure allows to remove the 14C and 210Po
decay contamination in the calibration source γ-ray event sample with high accuracy.
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Figure 4.1: Distribution of the estimator of the goodness of the simulation of the energy
response (Eq. 4.5) for γ-ray sources in the centre of the detector, as a function of the
photon yield L0 and Birks parameter kB. Left panel: For the npmts energy estimator.
Right panel: For the nhits energy estimator.

The very same calibration runs are then simulated (see Sec. 4.2.1.4) with a given (L0,
kB) pair. The agreement between data and simulation is defined by the comparison of
the reconstructed energy peak of each γ source. We fit the γ-peaks either with a
Gaussian or a generalised gamma distribution [135] plus a 2nd-order polynomium (to
model irreducible background) in order to find the mean value and the resolution of the
energy estimator at the energy of the given γ-ray. We have defined an estimator of the
goodness of the energy simulation as:

1

N

∑
sources

(µdata − µMC)2

1 + e2
µdata + e2

µMC

(4.5)

where µ is the mean value given by the fit (i.e. the peak position of the γ-peak in the
energy spectrum) and eµ is its error, and the sum is extended to the total number of
considered calibration sources (N). The (L0, kB) pairs that give the best accordance
are defined looking for the minimum value of 4.5 in the bidimensional parameter space
of L0 and kB. The distribution of the estimator of the goodness of the simulation, for
the last version of the Borexino simulation code, is shown in Fig. 4.1. Once a small
subsample of good L0 and kB pairs are found, we perform χ2 tests of the γ-ray energy
spectra between data and simulation in order to define the (L0, kB) that gives the best
accordance. The energy spectrum of the calibration γ-ray sources in the centre of the
detector, for real and simulated calibration data is shown in Fig. 4.2.

The Birks quenching parameter kB is then selected and fixed in the next step of the
energy tuning, while the photon yield L0 is allowed to be scaled by a small factor in
order to correct volume effects, if needed.

4.3.3.2 Tuning of the electronics simulation parameters

The procedure outlined in Sec. 4.3.3.1 is performed on each energy estimator (npmts,
nhits and charge, see Sec. 4.2.7). We tune the electronics simulation code (see Sec. 4.2.6)
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Figure 4.2: Energy spectrum of the calibration γ-ray sources in the centre of the de-
tector, in real and simulated calibration data. From left to right the peaks represent
the γ-decays of 57Co, 139Ce, 203Hg, 85Sr, 54Mn, 65Zn, 40K and 60Co (see Table 4.1 for
the energy of the γ-rays). Top panel: The energy is evaluated with the npmts energy
estimator. Central panel: The energy is evaluated with the nhits energy estimator.
Bottom panel: The energy is evaluated with the charge energy estimator.
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Figure 4.3: Left panel: Distribution of energy peaks of the 214Po α decay as a function
of the radial position of the events (in meters). 214Po decay events have been obtained
from calibration 222Rn source runs. Black dots represent data, red circles represent the
Monte Carlo simulation of the same calibration run. The Monte Carlo reproduces the
trend. Right panel: This plot shows the relative difference of the 214Po decay peaks in
data and Monte Carlo in the Fiducial Volume used for the pep ν analysis (see Sec. 5.5.2)
as a function of the radial position of the event. The relative difference is defined as
(µdata−µMC)/µdata, where µ is the peak position of the α energy spectrum in the nhits
energy estimator. The agreement is quite good: for most of the positions the relative
difference is between -0.5% and +1.0%.

in order to ensure that the (L0, kB) pair that give the best agreement between data and
simulations does not depend on the energy estimator.

The ratio between nhits and npmts is affected mainly by the afterpulse probability.
The afterpulse probability is then tuned to get the nhits/npmts ratio in the simulation
as the one in real data. Such tuning of the afterpulse probability also improving the
simulation of the time distributions after ∼ 140 ns since the start of the cluster (see
Sec. 4.3.2).

The ratio between charge and nhits (or npmts) depends on the single photoelectron
(spe) response of each PMT, that is mainly driven by the gain of the PMT. The spe
parameters for each PMT of the detector are obtained from the real data on a run by
run basis [96]. Those parameters are used as inputs in the simulation of the spe response
in the Monte Carlo. However, a small global rescaling (at ∼ 1% level) of the gain of
the PMTs is often needed to tune the charge energy estimator, and in particular the
charge/nhits ratio.

Once the afterpulse probability and the PMT gain scale factor are tuned, the best
(L0, kB) pair does not depend on the choice of the energy estimator.

4.3.3.3 The energy response in the Fiducial Volume

Once the quenching Birks parameter has been tuned and the simulated spectra of the
calibration γ-ray sources in the centre of the detector agrees with data, it is time to
check the simulation of the energy response in the Fiducial Volume (FV). The light
propagation in the Borexino detector is affected by many physical processes, such as
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absorption (and re-emission) on PPO molecules, scattering on molecules, refraction
and reflection at the interfaces between different media (such as PMT cathode and
aluminium light guides), as described in Sec. 3.3 and Sec. 4.2. The parameters governing
such processes have to be tuned in order to simulate correctly the light propagation and
thus the dependence of the energy response on the position of the event.

Such part of the tuning is the hardest one. The number of parameters is very large
and does not allow a wide scan in the full physical range of all the parameters simul-
taneously, like in the case of the (L0, kB) pair (see Sec. 4.3.3.1). Also, a small change
in some of the parameters (such absorption mean free path, re-emission probability,
or reflectivity at the SSS surface) has a huge impact on the time distributions (see
Sec. 4.3.2) and the energy scale in the centre of the detector. The number of events to
simulate is also very large, because in order to tune the trend of the detector response
as function of the position, a large number of source runs at different positions need to
be simulated. The irreducible asymmetries of the detector, like the anisotropy of the
position of broken PMTs (which are mostly distributed in the south hemisphere of the
Borexino detector) make the understanding and the tuning of the energy response as a
function of the position even harder.

A physical quantity that is very useful in order to understand and tune the effect of
the mentioned parameters is the ratio between “far” and “near” PMT hits with respect
to the position of the source, because such ratio it is almost independent on the absolute
energy scale. Also the ratio between hits on PMTs with and without light concentrators
is a useful parameter.

The most useful calibration sources to understand the trend of the energy response
as a function of position are the 222Rn sources. Such calibration sources have been
deployed in ∼ 150 points at different position of the detector, and allow to select a
pure sample of 214Po α decay events based on the 214BiPo fast coincidence and the
Gatti parameter (see Sec. 3.4.2). The energy of the 214Po events (using the nhits energy
estimator) as a function of energy, for real and simulated calibration source runs, is
shown in Fig. 4.3 (left). The agreement between data and simulation is quite good: for
most of the positions in the FV used for the pep ν analysis (see Sec. 5.5.2) the relative
difference is between -0.5% and +1.0% (Fig. 4.3 (right)). In order to correct the small
residual difference between the light yield in data and simulation in the whole FV, a
rescaling of the effective photon yield L0 is performed.

Pure 11C events selected with the TFC method (see Sec. 5.5.3) are a good sample
of events for understanding the accuracy of the simulation of the energy response and
for tuning the effective photon yield in the whole Fiducial Volume. The photon yield is
rescaled to match the mean (or median) value of the TFC-tagged 11C spectrum in the
FV used in the analysis. This procedure is followed to define the effective photon yield
for a particular Fiducial Volume.

4.4 Conclusions and outlook
The understanding of the Borexino detector response is achieved and implemented in
a detailed full Monte Carlo simulation which now reproduces the time and energy re-
sponse with accuracy of 1% or better for all quantities relevant for data analysis. Such
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understanding and accuracy is mandatory in order to pursue the physics goals of the
Borexino experiment, like the direct measurement of the rare signal from pep solar
neutrinos, and the limits of the CNO solar neutrino flux.





Chapter 5

Measurement of the pep and CNO solar
neutrino interaction rates in Borexino

5.1 Introduction

I report on this chapter the first measurement of the pep solar neutrino interaction rate
and the best limits on the CNO solar neutrino interaction rate in Borexino. The rate of
pep ν electron scattering interactions is determined to be 3.1 ± 0.6 (stat) ± 0.3 (syst)
counts/(day·100ton). The upper limits on the CNO neutrino interaction rate at 68%
(95%) C.L. are determined to be 4 (12) counts/(day·100ton). Assuming the pep neutrino
flux predicted by the Standard Solar Model, we obtained a constraint on the CNO solar
neutrino interaction rate of <7.9 counts/(day·100ton) (95% C.L.). Assuming the MSW-
LMA solution to solar neutrino oscillations, these values correspond to solar neutrino
fluxes of (1.6±0.3)×108 cm−2s−1 and <7.7×108 cm−2s−1 (95% C.L.), respectively, in
agreement with both the High and Low Metallicity Standard Solar Models. The absence
of the solar neutrino signal is disfavoured at 99.97% C.L., while the absence of the pep
neutrino signal is disfavored at 98% C.L. These results represent the first direct evidence
of the pep neutrino signal and the strongest constraint of the CNO solar neutrino flux
to date.

The necessary sensitivity was achieved by adopting novel data analysis techniques
for the rejection of cosmogenic 11C, the dominant background in the 1–2MeV region.
As the signal to background ratio in the energy region of interest is orders of magnitude
lower than for the 7Be ν analysis [25], new data selection, pulse shape and analysis
techniques have been developed, and much smaller backgrounds have been considered.
In this chapter I describe in detail the analysis performed.

The chapter is organised as follows. In Section 5.2 I review the pep ν and CNO νs
signal in Borexino. In Section 5.3, all the relevant sources of physical backgrounds are
discussed and estimates for their rates presented. Section 5.4 and 5.5 report on the data
and event selection cuts implemented to obtain the final candidates for this analysis.
Special care has been taken in the definition of the fiducial volume and in the description
of the three-fold coincidence (TFC) veto.

As in the 7Be ν analysis, the neutrino interaction rates are obtained from a fit to
the distributions of the final candidates. Thus, in Section 5.6 I define the variables to
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be used for the energy spectrum. In Section 5.7 I describe the procedure to obtain a
single pulse shape variable to effectively discriminate between β+ and β− events that is
implemented in the fit. In Section 5.8 I present the radial and energy distributions of
the external γ-ray background, which are crucial components of the fit. The details of
the fitting procedure are described in Section 5.9. The results of the analysis and the
tests to validate the fitting strategy are presented in Section 5.10.

5.2 pep ν and CNO νs signals
The energy spectra of solar neutrinos are shown in Fig. 2.1. The energy spectrum of
electron recoils from ν−e elastic scattering interactions in Borexino is shown in Fig. 5.1
(left). The kinetic energies of electron recoils from pep and CNO neutrino interactions
extend past the end-point of the 7Be ν electron recoil spectrum and are within the
range of energies that can be measured by Borexino. The interaction rates from pep
and CNO νs in Borexino are a few counts per day/100tons, ∼10 times lower than
those from 7Be ν. The pep ν and CNO νs signal and energy spectrum are described in
Sec. 5.2.1 and Sec. 5.2.2 respectively.

5.2.1 pep ν signal

The pep ν is a mono-energetic solar neutrino with 1.44 MeV of energy. The pep reaction
is part of the pp fusion chain, which is the main mechanism of energy production in the
Sun. The features of the pep reaction and the production of pep neutrinos are described
in Sec. 2.4.

The expected electron recoil energy spectrum from pep νs in Borexino is shown in
Fig. 5.1 (right). As with the mono-energetic 7Be ν the spectrum from pep ν interactions
is box-like, but with a higher end point and a considerably lower interaction rate (see
Sec. 3.2, Table 3.1). The leading standard solar models (SSMs) predict an interaction
rate of pep neutrinos in Borexino of 2.80± 0.04 (High Metallicity) and 2.86± 0.04 (Low
Metallicity) cpd/100tons [60].

5.2.2 CNO νs signal

The CNO-cycle is an alternate mechanism of energy production in the Sun, where 12C
serve as catalysts in the fusion of four protons into a 4He nucleus. The features of the
CNO reactions and the production of CNO neutrinos are discussed in Sec. 2.4.

The CNO cycle has two sub-cycles: the CN cycle and the sub-dominant NO cycle.
In the CN cycle, 13N ν and 15O νs are produced, with continuous spectra with end
point energies at 1.19 MeV and 1.73 MeV respectively. As every cycle produces exactly
one 13N ν and one 15O ν, their fluxes are very strongly correlated, with correlation
coefficients of 0.991(0.984) in the GS98(AGS05) standard solar model [58].

In a minor branch of this reaction, which occurs with a relative frequency of ∼2%,
the final reaction does not end with the production of 12C + 4He, but instead continues
in the NO cycle. Here, an additional neutrino (17F ν) is produced with a Q-value that
is very close to that of the 15O ν. The spectra from 17F νs and 15O νs are very similar
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Figure 5.1: Left panel: The neutrino-induced electron recoil spectra expected in Borex-
ino. The total rates are those predicted by the latest High Metallicity solar model [60].
The pep ν and CNO νs recoil spectra with end-points in the region 1.2–1.5 MeV, whose
measurement is the goal of this analysis, are shown. The already precisely measured
7Be ν [25], whose count rate is ∼10 times larger, is shown for comparison. Right
panel: Normalized CNO electron recoil spectra (after considering Borexino’s energy
response) assuming the central values for the CNO neutrino fluxes in the high and low
metallicity solar models [60]. The maximum difference, which is <2.5%, occurs towards
the higher-end of the spectrum.

and, consequently, the spectral shape of the electron recoils induced by the neutrinos
from the CNO-cycle in Borexino are dependent on the ratio between 15O ν + 17F ν and
13N ν fluxes at Earth, i.e.

FCNO =
ΦO + ΦF

ΦN

(5.1)

Due to the strong correlation between 15O ν and 13N ν (see Table 5.1), and the small
relative value of ΦF , this ratio is not expected to vary by more than a few percent
within the standard solar models. Table 5.2 shows the maximum differences in the
total electron recoil spectrum under different assumptions. The maximum differences
occur past the end point of 13N ν (1.19 MeV). The first entry in the table shows the
differences between the latest high metallicity (High-Z (BPS11), a variant of GS98) and
low metallicity (Low-Z, a variant of AGS05) models [60], where FCNO is 0.772 for High-Z
and 0.735 for Low-Z. The spectral differences can be seen in Fig. 5.1 (right) and they are
always less than 2.5%. Additionally, as may be observed in Table 5.2, uncertainties in
the mixing angle and neutrino mass-splitting in the context of the LMA-MSW scenario
of neutrino oscillations causes differences in the spectral shape of less that <1%, smaller
than those due to variations in FCNO between solar models.

Considering this, we are justified in treating the electron recoil spectra from 13N ν,
15O ν and 17F ν as a single CNO νs spectrum whose shape is not sensitive to the
different standard solar models or the details of neutrino oscillations, but whose ab-
solute amplitude is affected by these. The High-Z model predicts a total CNO νs
interaction rate in Borexino of 5.4±0.8 cpd/100 tons, while the Low-Z model predicts
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Neutrino Flux at the Sun End point ρ(13N ν, j) ρ(15O ν, j) ρ(17F ν, j)
/ 108 cm−2s−1 / MeV

13N ν 2.96 (2.17) 1.19 1 0.991 (0.984) 0.172 (0.299)
15O ν 2.23 (1.56) 1.73 0.991 (0.984) 1 0.219 (0.338)
17F ν 0.055 (0.034) 1.74 0.172 (0.299) 0.219 (0.338) 1

Table 5.1: The second column in this table shows the central values for the predicted
fluxes of the neutrinos from the CNO cycle by the latest High-Z (Low-Z) solar models.
The third column shows the maximum neutrino energy for the three types, while the
fourth, fifth and sixth columns show the correlation coefficients, ρ(i, j), for the different
decays, obtained from Tables 16 and 17 in [58]. Even though the total fluxes from neu-
trinos from the CNO cycle is ∼30% smaller for the Low-Z model, the strong correlation
between 13N ν and 15O ν, and the small relative flux from 17F ν, lead to relatively small
changes in the electron recoil spectral shape (see Table 5.2).

Conditions Fractional diff. in normalized
e− recoil npe spectrum from CNO νs

High-Z vs. Low-Z < 2.5%
Central osc. pars. vs. +1σ in ∆m2 and θ [2] < 0.25%
Central osc. pars. vs. −1σ in ∆m2 and θ [2] < 0.25%
With vs. without Earth matter effects < 0.1%
With vs. without radiative corrections < 1%

Table 5.2: This table shows the differences in the total electron recoil spectrum from
CNO neutrinos observed in Borexino under different model assumptions. The first entry
shows the largest difference, which occurs between the high and low metallicity solar
models [60] (see Fig. 5.1-right). The following three entries show that changes in the
parameters of the LMA-MSW model of neutrino oscillations have a much smaller effect
in the spectral shape relative to the differences between the solar models. Overall, the
small spectral differences in the electron recoil spectrum from the model assumptions
introduces a negligible systematic effect in the estimation of the total CNO neutrino
interaction rate in Borexino. For reference, the effect of radiative corrections in the
recoil spectra is presented in the last entry.
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3.8+0.6
−0.5 cpd/100 tons.

5.3 Radioactive backgrounds

As discussed in Sec. 5.2, the interaction rates for pep ν and CNO νs in Borexino are
∼10 times lower than those from 7Be ν, whose measurement has been the main goal of
Borexino [25]. Because of this, special care needs to be taken to consider radioactive
backgrounds with rates that are one or two orders of magnitude lower than those of
relevance for the 7Be ν analysis. Similarly to the 7Be ν analysis, the pep ν and CNO νs
interaction rates are obtained through a fit to the signal and background distributions in
different parameter spaces (see Sec. 5.9) and, therefore it is of great importance to make
estimates of the possible radioactive contaminants in order to decide which should be
considered for the fit. In Sec. 5.3.1, 5.3.2 and 5.3.3, the predicted rates for the different
types of backgrounds are evaluated in the fiducial volume (see Sec. 5.5.2) and energy
range of interest to decide which should be considered in this analysis.

5.3.1 Radiogenic internal backgrounds

The main radiogenic backgrounds for the 7Be ν analysis [25] are also the dominant back-
grounds for this analysis. 85Kr, which has been measured from the delayed coincidence
analysis to be 30.4 ± 5.3 ± 1.3 cpd/100tons [25] and 210Bi, whose value from the 7Be
analysis fit was 40.3 ± 1.5 ± 2.3 cpd/100tons, are the largest radioactive backgrounds
to be included in the fit. 210Po, which has the highest rate of any of the internal con-
taminants above the 14C end-point (∼2.1 cpd/ton [25]), is removed from the spectrum
through the method of statistical subtraction, discussed in Sec. 5.5.4. The only remain-
ing contribution from 210Po to the final spectrum is the γ-ray producing decay (0.8MeV
γ + 4.5MeV α), which has a relative intensity of 0.00121%.

Similarly to the 7Be ν analysis, the 214Pb decay rate can be estimated from the
number of detected fast 214BiPo coincidences in the analysis exposure [25, 96]. For
the exposure considered in the 7Be ν analysis, the 214Pb rate was estimated to be
∼1.7 cpd/100tons [25]. Since most of the events considered in the pep ν and 7Be ν
analysis comes from the same data set, the 214Pb rate should not be very different
between the two analysis. Yet, small differences are expected as some 214Pb comes
from radon gas emanated by the nylon vessel or introduced during operations, leading
to a 214Pb spatial distribution that its not uniform and, therefore, dependent on the
fiducial volume considered. Residual 214Bi is expected from the inefficiencies in the
selection criteria for the fast coincidence tag (see Sec. 5.5.1). α-decays from 222Rn and
its daughter, 218Po, are removed from the spectrum and will not be considered in the
fit.

The next major source of radiogenic background in the scintillator should be the β
daughters from the long lived radioactive isotopes 238U, 232Th, 40K and 235U. For 238U
and 232Th, we have estimates of their mass fractions in the scintillator of (1.67±0.06)×
10−17 and (4.6 ± 0.8) × 10−18, respectively [25]. Of the 238U daughters in the decay
chain before 222Rn, only 234mPa (Q-value= 2.29MeV) can have any contribution in our
spectrum of β-like events. In the 232Th chain, 228Ac, 212Pb and 208Tl could offer some
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Isotope Source Residual rate Residual differential rate
cpd/100tons at 1.44 MeV / cpd/100tons/MeV

210Po α + γ decay 210Po < 0.025 0
234mPa 238U 1.78± 0.06 0.64± 0.02
214Bi 238U, 226Ra, 222Rn 0.045± 0.002 < 0.009
228Ac 232Th 0.16± 0.03 < 0.08
212Pb 232Th, 220Rn 0.16± 0.03 0
208Tl 232Th, 220Rn 0.06± 0.01 0
212BiPo pileup 232Th, 220Rn < 0.05 < 0.02
235U daughters 235U 0.080± 0.003 0
ν̄e prompt β+ geo + reactor 0.023±0.005 0.009±0.002
pep ν Sun 2.80±0.04 1.94±0.03

Table 5.3: Expected rates of radiogenic backgrounds that were not included in the 7Be ν
analysis. For the estimate of the 210Po α+ γ rate we have assumed that the total 210Po
rate in our exposure will be smaller than in the 7Be analysis, as in this analysis the first
eight months of data after filling, during which the rate was highest, are excluded (see
Sec. 5.4). To estimate the rate of 234mPa we have considered a 238U mass-fraction in the
scintillator of (1.67±0.06)×10−17 [25] and assumed secular equilibrium. For estimating
the residual 214Bi, we have used the 214Pb rate from the 7Be analysis and considered an
efficiency for identifying 214BiPo coincidences, where the 214Bi produces more than 100
npe, to be > 98%. For 228Ac, 212Pb and 208Tl we have assumed a 232Th mass-fraction
in the scintillator of (4.6 ± 0.8) × 10−18 [25] and secular equilibrium. To estimate an
upper limit on the fraction of 212BiPo decays that end up as a single cluster in the final
spectrum, we have made the conservative assumption that our discrimination for pileup
has 100% efficiency for ∆t > 100ns and 0% for ∆t < 100ns. For the β daughters in the
235U chain (none of which have a Q-value > 1.44 MeV) we have assumed the abundance
of 235U in the scintillator to be the same as the natural one (0.7%). To estimate the ν̄e
background we have used results from the geo-neutrino analysis [100]. For comparison,
the last entry in the table shows the expected pep interaction rate as predicted by the
High Z solar model [60].
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non-negligible contribution. The β-decay of 212Bi is removed very effectively by the fast
coincidence tag (see Sec. 5.5.1) due to its time correlation with 212Po (τ = 299 ns).
Yet, as the time difference between the events is comparable to the characteristic decay
time of the scintillator light signal, there is a possibility of 212BiPo pileup. Still, even
if the 212BiPo is considered as a single cluster, selection cuts include discrimination on
pulse-shape variables that try to identify pileup and non-β-like events (see Sec. 5.5.1),
possibly excluding the cluster from the final spectrum.

The high levels of 40K measured in PPO was identified as one of the most “trouble-
some” impurities in the design of Borexino [107]. Until this analysis, no limit has been
circulated on the 40K contamination, although its inclusion in the fit had no systematic
effect on the results of the 7Be analysis [25]. As the information regarding this contam-
inant is very limited and it may be present at levels relevant for the pep ν analysis, 40K
is included in the fit.

235U has a natural abundance of 0.7% and, as the chemical properties of its daughters
are very similar to those of 238U, it is reasonable to expect their relative abundance in
Borexino to be similar to the natural one. In any case, it is possible to place a limit on
the 235U contamination by searching for the double-α time coincidence of 219Rn215Po
(τ = 1.8ms). An analysis to search for this coincidence has found a rate of 0.05± 0.04
cpd/100tons (0.5%±0.4% 235U/U), consistent with the natural abundance.

Another possible background for our analysis are the prompt events from geological
and reactor ν̄. The Borexino Collaboration has already performed a measurement of
these [100]. A summary for estimates of this and the other isotopes are presented in
Table 5.3. The differential rate at the pep ν energy is also presented for comparison. We
have decided to not exclude in the fit any species whose differential rate at 1.44 MeV is
expected to be more than one twentieth (5%) of that from pep ν electron recoils. 234mPa
is included as a free component in the fit (see Sec. 5.9). The species whose differential
rate at 1.44 MeV is expected to be less than one twentieth (5%) of that from pep ν
electron recoils are included in some of the trial fits. The impact of these species on the
fit result have been evaluated as a systematic uncertainty (see Sec. 5.10.3).

5.3.2 Cosmogenic backgrounds
11C is the dominant cosmogenic background in Borexino (28.5±0.2±0.7 cpd/100tons [25])
and the biggest challenge for the measurement of pep ν and CNO νs. Its treatment
requires attention and it is the subject of Sec. 5.5.3 and 5.7. Other cosmogenic back-
grounds have already been evaluated in the context of the 8B ν analysis [81]. Table 5.4
shows the expected residual rate of these cosmogenics, considering the 300 ms cut per-
formed after every muon (see Sec. 5.5.1). The differential rate in the table shows that
only 6He has a value that is greater than 5% of that from pep ν and, therefore, it is
included in the fit. An exemption must be made for 10C. Even though its starting
point (1.74 MeV) is past the pep ν energy, its count rate is relatively high (0.54± 0.04
cpd/100tons) and a large fraction of its spectrum falls within the fit region (< 3.2 MeV,
see Sec. 5.9), leading to a non-negligible contribution in the higher-end of the fit. The
0.48 MeV γ-rays from 7Be, on the other hand, is buried under the 85Kr, 210Bi and 7Be ν
recoil spectra (∼150 cpd/100tons/MeV), therefore it should have a negligible effect on



74
Measurement of the pep and CNO solar neutrino interaction rates

in Borexino

Isotope Q-value (Eγ) Residual rate Residual differential rate at 1.44 MeV
MeV cpd/100tons cpd/100tons/MeV

n (2.22) < 0.005 0
12B 13.4 (7.1± 0.2)× 10−5 (2.49± 0.07)× 10−6

8He 10.6 0.004± 0.002 (2.6± 1.2)× 10−4

9C 16.5 0.020± 0.006 (1.6± 0.5)× 10−3

9Li 13.6 0.022± 0.002 (1.4± 0.1)× 10−3

8B 18.0 0.21± 0.05 0.017± 0.004
6He 3.5 0.31± 0.04 0.15± 0.02
8Li 16.0 0.31± 0.05 0.011± 0.002
11Be 11.5 0.034± 0.006 (3.2± 0.5)× 10−3

10C 3.6 0.54± 0.04 0
7Be (0.48) 0.36± 0.05 0
pep ν 1.44MeV 2.80±0.04 1.94±0.03

Table 5.4: Expected rates of cosmogenic backgrounds. The total rates were obtained
from Table 1 in [81], except for n, 6He and 7Be, the last two which were extrapolated
from simulation results performed by the KamLAND Collaboration [136], following the
methodology from the 8B ν analysis (see Eq. 3 in [81]). To obtain the residual rate
we have considered the 300 ms veto applied after every muon (see Sec. 5.5.1). The
7Be rate is that of the 0.48 MeV γ-ray, which has a relative intensity of 10.5% and
is the only decay that deposits any visible energy in the detector. The contribution
from cosmogenic neutrons produced directly by the muon is negligible given the short
capture time (∼0.26 ms) and their main contribution comes from the neutron-producing
decays of 9Li and 8He that are missed by the fast coincidence veto (Sec. 5.5.1). The
residual rates from 12N and 13B (not in the table) are expected to be smaller than those
from 12B as their lifetimes are shorter and their production yields smaller. Likewise,
production yields of 15O and 13N are expected to be 20 times smaller than those from
11Be [136]. The last entry shows the expected interaction rates for pep ν (High Z model)
for comparison.
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the spectral fit and can safely be excluded, even if its total count rate is comparable to
that of 10C and 6He.

Cosmogenic backgrounds originating from outside the detector and from untagged
muons should be smaller than those presented in Table 5.4. Untagged muons that
pass all the standard and fiducialization cuts and make it to the final spectrum in
the 7Be ν analysis have an expected rate < 3 × 10−4 cpd/100tons (assuming an outer
detector (OD) absolute efficiency of 99.2% [105] and independence between ID and OD
muon flags). Except for neutrons, none of the other cosmogenic isotopes can travel
very far away from the muon shower and, therefore, all of their decays in the FV will
be preceded by the muon shower in the scintillator, for which the tagging efficiency
is highest (> 99.992% [105]). There is the possibility though, that neutrons produced
outside the inner vessel (IV) will deposit energy within the FV. Those that capture
in the IV may be vetoed by the fast coincidence condition, as proton recoils from the
thermalization will be visible near the capture position. Additionally, the residual rate
for those produced in the buffer or the water tank (WT) will be highly suppressed due to
the possibility to tag the parent muon with Borexino’s muon veto [105]. Furthermore,
any surviving proton recoil signal would be subtracted from the final spectrum due
to their α-like pulse shape. In the context of the geo-neutrino analysis, the number
of neutrons from the rock and the WT tank that mimic ν̄e signals was found to be
< 1.4 × 10−4 cpd/100tons [100]. The corresponding background (i.e. proton recoils
from fast neutrons or from untagged muons that do not cross the IV, where the neutron
does not capture in the scintillator and the reconstructed position of the recoils is within
a reduced fiducial volume) is not expected to be relevant for this analysis.

5.3.3 External γ-ray backgrounds

External γ-ray backgrounds from natural radioactivity are a great challenge for low
background detectors. The most effective method to decrease these backgrounds is
through the selection of a fiducial volume (FV). The considerations taken in the choice
of the fiducial volume for this analysis are described in detail in Sec. 5.5.2. A compromise
has to be made between fiducialization and exposure, leading to a fiducial volume where
the contribution from external background cannot be neglected. The approach taken
to deal with the remaining external background is a simultaneous fit to the radial
distribution of events within the FV and their energy spectra (see Sec. 5.9.4). For this
approach to succeed it is mandatory to determine which external background species
contribute significantly to the final set of events and include their corresponding spatial
and energy distributions in the fit.

The expected count rates for γ-rays of different isotopes from different external
sources are shown in Table 5.5. The leading backgrounds are from the 2.61 MeV γ-ray
from 208Tl and the higher energy γ-rays from 214Bi, which come from 238U and 232Th
contaminants in the PMTs and Light Cones installed on the Stainless Steel Sphere
(SSS). Their energy spectra in the FV is highest towards the full-energy peak of the
γ-rays, with a tail that extends to lower energies due to γ-rays which deposited only a
fraction of their energy in the FV (see Sec. 5.8 and Fig. 5.14). The contribution from
decays of 238U and 232Th daughters in the nylon vessels and buffer fluid, as well as also
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Source Expected in FV Expected in FV and
cpd 0.25MeV< E < 1.30MeV / cpd

208Tl from PMTs ∼ 5.7 ∼ 0.2 [137]
214Bi from PMTs ∼ 6.6 ∼ 0.9 [137]
40K from PMTs ∼ 0.2 ∼ 0.2 [137]
Light Cones and SSS NA 0.6 – 1.8 [112, 137]
Nylon vessels NA < 0.05 [112]
End regions NA < 0.06 [112]
Buffer NA < 0.02 [138]
pep ν 2.00±0.03 1.46±0.02

Table 5.5: Expected rates of external γ-ray backgrounds in the FV considered in this
analysis. The estimates for 208Tl, 214Bi and 40K from the PMTs were made using the
full Borexino Monte Carlo simulation code (see Chapter 4), starting from the measured
contaminations of the PMTs [137]. The lower value for the rates from the SSS and Light
Cones were scaled to the reduced FV from previous estimates [112], assuming a γ-ray
absorption length of 25 cm. The upper value considers the discrepancy between the
PMT estimates in [112] and those given in the first three entries of this table. Likewise,
the expectations for the background from the nylon vessels and end regions have been
scaled to the FV, also considering the vertical cuts (Sec. 5.5.2). For the case of the
nylon vessel, we have checked, using the full Borexino Monte Carlo simulation code,
that the estimate of the 208Tl background is consistent with the limit [138]. The upper
limit for the background originating in the buffer fluid has been estimated with Monte
Carlo simulations, assuming contaminations of 238U and 232Th in the buffer that are
100 times greater than those in the scintillator [138]. For comparison, the last entry in
the table shows the expected rates of electron recoils from pep ν (High Z model).
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Period Start Week End Week Run Start Run End Livetime (days)
2 13 Jan 2008 01 Jun 2008 6898 7937 127.292
3 08 Jun 2008 05 Oct 2008 7938 8791 99.082
4 05 Oct 2008 11 Jan 2009 8910 9451 73.728
5 08 Feb 2009 14 Jun 2009 9713 10297 84.041
5a 28 Jun 2009 12 Jul 2009 10497 10545 9.017
6 26 Jul 2009 25 Oct 2009 10750 11517 74.005
7 01 Nov 2009 24 Jan 2010 11518 12400 72.648
8 14 Feb 2010 2 May 2010 12489 12940 68.463

TOTAL 13 Jan 2008 2 May 2010 6898 12940 608.276

Table 5.6: Division of data into different periods. Livetime in last column is before any
analysis cuts.

40K and 60Co in the end regions (above and below the vessels), are lower by at least an
order of magnitude and are expected to contribute to less than 5% in the energy region
of electron recoils from pep ν. The external background contributions from 208Tl, 214Bi
and 40K originating from a uniform spherical distribution at the SSS (see Sec.5.8) are
included in the fit.

5.4 Data selection
The data taken into account encompasses Borexino runs from periods 2 to 8 (see Ta-
ble 5.6). The corresponding total live time is 608.276 days and the exposure in the
Fiducial Volume used in this analysis is 43370 ton×day before any cut.

5.5 Event Selection
In this section is described the event selection cuts implemented in order to create an
energy spectrum for analysis. The initial set of cuts applied for selection of events in
this analysis are the “Standard Cuts” as in the document elaborated by the 7Be Cuts
Committee [139] (see Sec. 5.5.1), except for the fiducial volume definition, which is de-
scribed in detail in Sec. 5.5.2. Further suppression of 11C background is performed via
the three-fold coincidence method (see Sec. 5.5.3). Additional pulse shape discrimina-
tion methods has been used to remove α-like events (see Sec. 5.5.4).

5.5.1 Selection of point-like scintillation events

An initial set of standard cuts are performed to clean the analysis data sample from
muon and short-lived muon daughter events, fast chains of correlated background, events
with mis-reconstructed position or energy and electronic noise. Listed below are the
standard cuts used to generate the starting energy spectrum:

• Remove muon cosmogenic and post-muon (300 ms) events.
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• Remove zero cluster events.

• Remove sequence of fast coincidences (∆t <2 ms and ∆s < 1.5 m).

• Remove service triggers.

• Keep only events with a single cluster.

• Keep only events with cluster start time in the right position in the gate window.

• Remove events whose distribution of PMT hits is not uniform in space.

• Remove events outside the Fiducial Volume (FV).

• Remove electronic noise events.

The exact definition of these cuts is described in Sec. 2.3 of the Borexino internal
note [139]. Except for the last two cuts therein (15 and 16), all other cuts are imple-
mented identically. These cuts remove less that < 0.3% of “good" events (details the
PhD thesis [119]). The most relevant difference in the event selection with respect to
the 7Be ν analysis is a different fiducial volume definition, which is described in detail in
Sec. 5.5.2. The dead time introduced by these cuts in the context of the 7Be ν analysis
has been evaluated in Sec. 2.5 of [119]. The largest loss of live time comes from the
application of the 300 ms cut after muons, which has been measured to be 1.8% and has
been accounted for this analysis, decreasing the live time of the dataset to 598.14 days.
The dead time due to the other cuts is < 1%, which is small compared to the system-
atic uncertainties from the energy calibration and fit methods (Sec. 5.10.3), and can be
neglected. Finally, the fast coincidence rate of events tagged as 214BiPo decays in the
FV is used to estimate the 214Pb contamination in the final set of events and fix its rate
in the fit.

5.5.2 Fiducial volume definition

The fiducial volume selected for this analysis was chosen so as to maximise the target
scintillator mass while minimising the effect of external background and variations in
the light collection efficiency.

5.5.2.1 External Background

As discussed in Sec. 5.3.3, there are two main sources of external background:

• background from the Stainless Steel Sphere (SSS), photomultiplier tubes, light
cones and other material connected to the SSS;

• background from the end-cap regions of the inner and outer nylon vessels.
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Figure 5.2: Spatial distribution of events with reconstructed position -1 m < y < 1 m
in the 900 - 1500 npe energy region, which is dominated by external γ-rays from 208Tl
and 214Bi. The positions are expressed in meters. Left panel: Events within the inner
vessel. Right panel: For r < 3 m.

To study the spatial distribution of γ-ray events from the SSS and other components
at that radius, we plotted the reconstructed position of all events with charge between
900 and 1500 number of photoelectrons (npe). This energy region is dominated by
208Tl and 214Bi γ-ray interactions, with a smaller contribution (∼25%) from 10C and
11C decays (see Fig. 5.16). The position of all events reconstructed within the Inner
Vessel (IV), in a 1 m thick slice ( -1 m < y < 1 m), is shown in Fig. 5.2. As can be
seen, the number of events decreases as one moves radially away from the SSS towards
the centre of the IV. The hot spots along the z-axis, at the top and bottom of the IV
are due to the end-cap regions and will be discussed in detail below. A larger number
of events are seen in the top hemisphere, due to the fact that the deformed nylon vessel
is closer to the SSS at the top than at the bottom. If the events are restricted to
those reconstructed within 3 m, the same radial cut used for the 7Be ν analysis [25],
one can see (Fig. 5.2, right panel) that the z-dependence is no longer evident, and the
background seems to increase uniformly with radius. We have found, by testing different
fiducial volumes, that the threefold coincidence cuts are most efficient at removing 11C
within a radius of 2.8 m. Therefore, the fiducial volume has been choosen to lie within
a sphere of 2.8 m.

Due to their proximity to the scintillator, there is a large rate of background events
originating from the end-cap regions of the inner and outer nylon vessel (see Fig. 5.2).
The energy spectrum of the background from the end-cap regions is difficult to model
due to the presence of multiple γ emissions and, like in the 7Be analysis [25], a fidu-
cial volume cut along the z-axis was made to exclude events from those regions. The
background from the end-caps is most evident in the energy region between the 14C tail
and the 210Po peak (120 - 145 npe). Fig. 5.3 shows the distribution of events in the
entire IV and within 3 m. One can see that the top end-caps appear to be more active
than at the bottom, and that the events penetrate well within a 2.8 m radius. The tail



80
Measurement of the pep and CNO solar neutrino interaction rates

in Borexino

x
-4 -2 0 2 4

z

-4

-2

0

2

4

1

10

210

z:x {sqrt(x^2+y^2+z^2) < 5 && abs(y) < 0.5 && m4_charge_noavg > 120 && m4_charge_noavg < 145}

x
-3 -2 -1 0 1 2 3

z

-3

-2

-1

0

1

2

3

0

2

4

6

8

10

12

14

16

18

20

22

z:x {sqrt(x^2+y^2+z^2) < 3 && abs(y) < 0.5 && m4_charge_noavg > 120 && m4_charge_noavg < 145}

Figure 5.3: Spatial distribution of events with reconstructed position -1 m < y < 1 m in
the energy region between the 14C tail and the 210Po peak (120 - 145 npe ), where the
effect of the background from the end caps is most evident. The positions are expressed
in meters. Left panel: Events within the inner vessel. Right panel: For r < 3 m.

of events just under and above the top and bottom end-caps respectively are thought
to be mis-reconstructed background events from the end-caps. A large fraction of the
light emitted by these events is occulted by the mechanical structure of the end-cap and
could cause events to be reconstructed radially inward. In order to safely exclude these
events from the end-cap region, the fiducial volume must lie within 2.2 m > z > -2.4 m.

5.5.2.2 Light Collection Uniformity

The energy resolution, critical to obtaining a good spectral fit, depends strongly on the
uniformity of the light collection within the fiducial volume. If one define the position-
dependent light yield, relative to the value at the centre of the detector, as LY (~r),
then the variance of the energy response function for a monoenergetic event with mean
charge value Q is given by:

σ2(Q) = k ·Q+
varFV (LY (~r))

mean2
FV (LY (~r))

·Q2 , (5.2)

where the first term represents the intrinsic statistical variation of the scintillation
process and meanFV (LY (~r)) and varFV (LY (~r)) are the mean and variance of the light
yield over the fiducial volume. In order to obtain a precise spectral fit, we require that
the second term in Eq. 5.2 be less than 10% of the first over the energy range < 800 npe.
One can evaluate the uniformity of the light collection by studying the peak position
of the 214Po source at different locations within the detector. By interpolating between
the source positions, we obtain a map of the light collection throughout the IV, as
shown in Figure 5.4. It can be seen that the light collection is fairly uniform in the top
hemisphere, but decreases as one moves downward due to the larger number of dead
photomultiplier tubes at the bottom. With the radial cut set at 2.8 m by the external
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Figure 5.4: Light collection efficiency within 3.5 m based on 214Po calibration source
data.

background from the SSS, and the upper z cut set at 2.2 m due to background from
the top end-caps, we varied the lower z cut to maximise the volume while maintaining
the relative variation in light collection in uniformity. The optimal value for the lower
z cut was found to be -1.8 m.

5.5.2.3 Fiducial Volume Definition

Combining the above restrictions, we define the fiducial volume cut for this analysis as
r < 2.8 m and 2.2 m > z > -1.8 m. The radial limit is determined by the external
background from the SSS sphere and the effectiveness of the three-fold coincidence cuts,
the upper z cut is constrained by the background from the top end-cap regions, and
the lower z cut by the restriction on the light collection uniformity. The volume of
scintillator contained within this region is 81.26 m3 which corresponds to a fiducial
mass of 71.30 tons.

5.5.3 Three-fold coincidence veto

The main background for the detection of pep ν in Borexino is 11C. The 11C nuclides
are produced by cosmogenic muons through a reaction resulting in the emission of free
neutrons in ∼ 95% of the cases [123]:
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Figure 5.5: Left panel: Simulation-based prediction of the sensitivity for the pep ν
interaction rate measurement as a function of the residual 11C rate and effective expo-
sure. The z-axis (color) is the error on the pep ν interaction rate returned by the fit.
The black diamond corresponds to the TFC-subtracted spectrum used in this analysis
(Fig. 5.6). Right panel: In this test the z-axis (color) is the bias estimator: (pep fitted
rate - simulated pep rate)/ pep rate uncertainty. No significant bias in the fitted pep ν
interaction rate is expected from the loss of exposure. The fits are χ2-fits performed to
the TFC-subtracted nhits spectrum with 5 nhits binning.

µ (+ secondaries) + 12C→ µ (+ secondaries) + 11C + n (5.3)

11C then decays with a mean life τ=29.4 min via positron emission:

11C → 11B + e+ + νe (5.4)

where the total energy released in the detector is between 1.02 and 1.98 MeV (β+

with Q-value of 0.96 MeV + 2× 0.511 MeV γ-rays from e+ annihilation) and lies in the
energy region of interest for the detection of electrons recoils from pep ν.

The 11C rate in Borexino is 28.5± 0.2± 0.7 cpd/100tons [25], 10 times greater than
the interaction rate of pep ν. Fortunately, it is possible to reject most of 11C decays via
a threefold coincidence (TFC) between the 11C decay, the parent muon, and the signal
from capture of the free neutron, as suggested by Deutsch in [140] and first implemented
in [141].

There are ∼1650 muons per day crossing Borexino’s inner vessel (IV), which are
tagged with an efficiency of 99.992% [105]. Of these muons, ∼70 per day produce at least
one neutron, with a mean multiplicity of ∼3.6 neutrons per muon. The neutrons are
thermalized and captured by hydrogen in the scintillator with a characteristic capture
time of ∼0.26 ms and the emission of a 2.22 MeV γ-ray. The reconstruction of the
position of the capture γ-rays and of the track of the parent muon are crucial for the
success of the three-fold coincidence technique. Multiple muon tracking algorithms
have been developed by the Borexino Collaboration, their description and performance,
together with the details of cosmogenic neutron detection, are discussed in [105].
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The threefold coincidence algorithm vetoes space-time regions of the detector after
muon and neutron coincidences in order to exclude the subsequent 11C decays. The
guiding principle for the determination of the most appropriate parameters is the search
for the best compromise between 11C rejection and preservation of residual exposure
after the veto cuts. We have applied different veto configurations on the data, resulting
in different residual 11C rates and effective residual exposures. From an analysis on
simulated data samples (Fig. 5.5), we estimated which configuration leads to the smallest
expected uncertainty in the pep ν interaction rate.

The evaluation of the effective residual exposure after all veto cuts, many of which
overlap in time and space, has been performed using two independent ways. In the first
way, we assumed that 210Po, which rate is high in Borexino and which events can be
easily selected by means of pulse-shape and energy cuts, is uncorrelated with the TFC
cuts and, therefore, the number of counts that survive the vetoes should be proportional
to the residual exposure. In the second way, we developed a simulation feeding events
uniformly in space and time to the veto cuts. The residual exposure is computed from
the fraction of the simulated events that survive the vetoes. The residual exposures
calculated by these two ways agrees to much better than 1%. An initial evaluation of
the residual 11C after the application of the TFC is done by checking the fraction of
events that survive the cuts in an energy interval where mostly 11C is expected, namely
between 530 and 610 nhits. A small component of external background contributes to
counts in this energy region and cannot be easily estimated, therefore 11C suppression
can actually be better than quoted.

The TFC procedure can be summarised as follows:

• A 2 hours blackout is applied at the beginning of each DST, rejecting any event in
the entire detector. This is needed since the current processing of DSTs is done in
parallel, and no information regarding muon and neutron coincidences in carried
over between DSTs.

• Additional blackouts have been applied at the beginning of each run, since muon
and neutron coincidences can be lost in the interval between runs. The veto time
in minutes is obtained by 10 + 60 (1− exp (−3∆t/τ)), where ∆t is the dead-time
interval between subsequent runs in minutes.

• For high multiplicity events a blackout of 2 hours is applied.

• When the reconstructed neutron position is not reliable, due to DAQ saturation
and/or to a large fraction of noise hits, we apply a cylindrical veto along the
parent muon track with a radius of 80 cm for a time span of 2 hours.

• If neutron clusters in a muon gate are found more than 2 µs after the muon, then
the cylindrical veto along the muon track described above is applied.

• A cylindrical veto is also applied around muon tracks in events with nhits > 1000
after which at least one neutron is found.

• If a neutron is found and its position is considered reliable, we exclude any event
less than 1 m away from it for 2 hours. Moreover, the neutron projection on the
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parent muon track is calculated and another 2 hours, 1 m spherical veto is applied
around this position.

The application of the algorithm on the selected data results in > 89.4% 11C rejection
with a residual exposure of 48.5%. Fig. 5.6 shows the starting and the final spectrum
following the stage of 11C reduction performed with the three-fold coincidence veto.
The resulting exposure of the TFC-subtracted spectrum is 20409 days × tons, while for
the spectrum of the TFC-tagged events it is 23522 days × tons.

It is important to remark that overall acceptance and leakage of the TFC cuts are
not expected to introduce any bias in the final result (see Sec. 5.10), as long as they
do not cause a spectral distortion in the energy spectrum. By the way the TFC veto
is defined, its overall acceptance and leakage should be completely uncorrelated from
the visible energy of the event. An increase in the efficiency of the TFC would primary
result in a final spectrum with a reduced 11C component. Vice versa, should the neutron
identification fail in a fraction of the events, this would cause an increase in the 11C
component or a reduction of the overall unvetoed exposure. In both cases no distortion
of the energy spectrum, which could potentially result is a bias in the final result, is
expected.

The TFC veto can also be used to tag high-purity sample of 11C events. These
samples has been used for several purposes, like understanding the dependence of the
reconstructed energy of the event with respect the position and tune the light yield of the
Monte Carlo simulation, studying the pulse shape of the 11C events in order to identify
the o-Ps formation (see Sec. 5.7.2) and develop pulse shape variables to discriminate
between β+ and β− events (see Sec. 5.7.3).

5.5.4 Statistical subtraction of α-like events

α-like events are removed from the final energy spectrum with the method of statistical
subtraction. For each energy bin, the distribution of the Gatti variable (see Sec. 3.4.2)
is fitted using two reference distributions, one representing the β population, the second
one, the α population. For each energy bin we fit and separate the two components,
thus computing the relative amount of α ad β events. In this way, the contributions
from 210Po and other α decays are statistically removed from the energy spectrum. The
detailed description of the method, its implementation, efficiency, systematic effects,
biases, and other related issues are discussed in detail in the PhD thesis [118] and [119].
Fig. 5.7 shows the final spectrum before and after this procedure.

5.6 Energy variables

Within the Borexino analysis framework (MOE-Echidna), several energy variables are
available, each with a slightly different method of estimating the energy of a given event.
The definition of the energy variables used in this analysis are given below. Additional
information on the energy variables, their implementation, biases, simulation, analytical
computation, and other related issues can be found in the PhD thesis [118] and [119].
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Figure 5.6: Normalized Borexino energy spectrum before and after application of
techniques for 11C removal. The black line shows the untreated spectrum, with
∼28 cpd/100 tons of 11C. The blue line shows the resulting spectrum after apply-
ing the three-fold coincidence veto described in Sec. 5.5.3, which decreases the 11C rate
to ∼2.5 cpd/100 tons with a 51.5% loss of exposure.

5.6.1 Echidna nhits

This is the number of PMT hits in the long, fixed length (1500 ns), cluster window.
After each PMT hit, there is a hardware dead time of 140 ns in the hit channel. An
additional software dead time of 40 ns is applied, in order to not include spurious hits
due to re-triggering. The total number of hits is then scaled by 2000/(No. of PMTs
with valid timing readout).

5.6.2 MOE npe_noavg_corrected

This is the total, summed photoelectron charge of every “valid-charge" hit, including
those from re-triggered channels, within the variable-length MOE cluster. Single channel
dead times are the same as those for Echidna nhits. The expected number of dark noise
hits in the cluster is subtracted. The total charge is then scaled by 2000/(No. of PMTs
with valid charge readout).
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Figure 5.7: Normalized Borexino energy spectrum before and after statistical subtrac-
tion of α-like events. The red line shows the energy spectrum after applying the three-
fold coincidence veto described in Sec. 5.5.3 and before α subtraction. The blue line
shows the resulting spectrum after applying the α statistical subtraction technique re-
ferred in Sec. 5.5.4.

5.7 β+/β− pulse-shape discrimination

The 11C surviving the TFC veto is still a significant background for the pep ν and
CNO νs interaction rate measurement. We developed and adopted novel data analysis
techniques, exploiting the pulse shape differences between e− and e+ interactions in
organic liquid scintillators, in order to discriminate 11C β+ decays from neutrino-induced
e− recoils and β− decays.

5.7.1 Principles of β+/β− pulse-shape discrimination in liquid
scintillators

The profile of the reconstructed emission times for scintillation photons produced by a
positron that deposits its energy in the target should be different than those from an
electron. After the positron deposits its kinetic energy, it annihilates with electrons in
the scintillator emitting two back-to-back γ-rays. The time lag in the physical process
of positron annihilation, as well as the fact that the energy is deposited by multiple
particles, leads to differences in the reconstructed emission time of the detected photons
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Figure 5.8: Left panel: Reconstructed photon emission times relative to the start time
of the event for β− events (214Bi events identified from a 214BiPo fast coincidence search)
and 11C events (tagged by the TFC veto) with 425<nhits<475. Right panel: Recon-
structed photon emission times for β− events (214Bi events identified from a 214BiPo
fast coincidence search) with 100<npe<700 and 11C events (tagged via the TFC veto)
with 450<npe<850. In this case, the peaks of the two distributions are aligned on the
horizontal axis.

(henceforth pulse shape).
Prior to annihilation, an electron-positron pair may form an ortho-positronium (o-Ps)

state, with a mean life of a few ns [121]. The finite life time of the ortho-positronium
state delays the annihilation, the further energy deposit of the annihilation γ-rays,
and the corresponding scintillation emission. The decay of the otho-positronium in
two γ, forbidden in vacuum, is possible in the scintillator due to the peak off effect:
positrons, in the ortho-positronium state, are mainly captured by surrounding electrons
in scintillator. The decay of the ortho-positronium is ruled by an exponential law
depending on the ortho-positronium mean life. The mean time of ortho-positronium
in PC+PPO mixture was measured in [121] and is ∼3 ns while the ortho-positronium
formation probability was found to be ∼50%. This mean time is comparable to the
faster scintillation time constant (∼ 3 ns) and therefore has a significant impact on
the light pulse shape which is used to identify β+ radioactive backgrounds. Additional
distortions in the pulse shape are expected from the diffuse geometry of events resulting
from the positronium decay, due to the non-null free mean path of the ensuing γ-rays.

5.7.2 β+/β− time profiles in Borexino

Fig. 5.8 (left) shows the distributions of the emission times (PMT hit times, once sub-
tracted the time of flight from the reconstructed position) relative to the reconstructed
time of the event for β− events (214Bi events identified from a 214BiPo fast coincidence
search) and 11C events (tagged via the TFC technique) with energy 425<nhits<475.
Fig. 5.8 (right) also shows the reconstructed emission times relative to the peak for β−
events (214Bi events identified from a 214BiPo fast coincidence search) with 100<npe<700
and 11C events (tagged via the TFC technique) with energy 450<npe<850; Differences
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may be observed in both the peak time and the rise and decay times of the distributions.
We believe that these differences are mostly due to the delay induced by the o-Ps life-

time: when the β+ undergoes o-Ps formation, the scintillation light produced by the two
annihilation γ-rays is delayed with respect to the prompt scintillation light produced
by the kinetic energy loss of the β+. The ratio R between the annihilation energy and
the kinetic energy T of the β+ is not constant with respect to the energy of the β+:

R =
2mec

2

T
, (5.5)

where mec
2 is the rest energy of electrons and positrons, and therefore 2me2

c is the
energy of the 2 annihilation γ-rays. The fraction of the delayed hits induced by the
o-Ps decay, respect to the total number of hits, is then lower when the kinetic energy of
the β+ is higher. The difference between β+ and β− reconstructed emission time, as well
as the discrimination power of any pulse-shape based method, is then energy-dependent,
and it is lower as the energy of the β+ event increases.

In order to detect and quantify this effect in Borexino data, as well as to develop
pulse shape variables to discriminate β+ and β− events, we have developed a special
Monte Carlo event generator to simulate o-Ps formation and yield the corrected pulse
shape (see Sec. 4.2.1.3). According to the input formation probability and lifetime, the
code generates positron annihilations and positronium decays. The delay of the γ-rays
follows an exponential law depending on the o-Ps mean life.

An evidence that the o-Ps is generated in a fraction of β+ events in the Borexino
data sample comes from the comparison of the pulse shape of the reconstructed photon
emission times, in a pure sample of β+ events, with respect to simulations of o-Ps pulse
shape. The sample of β+ events is provided thanks to the TFC veto, that allows high-
purity sample of 11C decays. We have compared the pulse shape of these events in
data with the pulse shape of simulated 11C decays with different o-Ps mean life and
formation probability. This comparison rejected the hypothesis of no o-Ps formation
in the data, and evidenced o-Ps formation with mean life and probability in agreement
with the laboratory measurement in [121]. The comparison between the reconstructed
emission times for 11C events between real data and a simulated data sample is shown
in Fig. 5.9.

5.7.3 Boosted-decision-tree analysis

We have developed a method of particle identification, based on pulse-shape discrimina-
tion, for 11C events. The method utilises the Boosted Decision Tree (BDT) algorithm of
the Toolkit for MultiVariate Analysis (TMVA) [142], included in the standard ROOT
distribution [143]. This technique requires carefully chosen training sets of data for
signal and background to build a weighted (boosted) decision tree, which optimises the
cuts on a user-defined set of variables, for best identifying the signal against the back-
ground. The trained method returns a number for each event. Test event sets define a
distribution of such number which the user can then use to discriminate between signal
and background.

To train the BDT, we selected as the signal sample the low energy 214BiPo events
(450<npe<900), which are a relatively clean β− sample (∼95% of events in 450–700
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Figure 5.9: Reconstructed photon emission times for 11C decays in Borexino data (black
line). The 11C events are tagged with the TFC veto. The data pulse shape is fitted
with the sum of two Monte Carlo simulated pulse shapes of 11C decays (red line), one
with 100% o-Ps formation (blue line) and one without o-Ps formation (green line). In
this particular trial the o-Ps mean life is 3.1 ns. The weight of the pulse shape with
o-Ps formation represents the o-Ps probability formation, which is a free parameter in
the fit. The fitted o-Ps formation probability (53%) and the mean life (∼ 3 ns) of this
trial is in agreement with the laboratory measurement in [121].

npe range are pure β− decays, while ∼60% of those in the range 700–900 have some
γ-ray contribution). We selected as the background sample those events tagged by
the three-fold coincidence with energy 450<npe<900, which should be an almost pure
(> 98%) 11C sample. All of the events considered have reconstructed positions with
r <3 m and 2.2 m > z > -1.8 m, which are the z-cuts used to define the FV (Sec. 5.5.2).
The training and test samples are the same size, with 1400 signal (β−) events and 3175
background (β+) events. The cluster variables considered by the BDT analysis are:

• The Gatti parameter (see Sec. 3.4.2) computed using as reference the 214Bi and
11C time profiles from real data, with reconstructed emission time relative to the
peak.

• The Gatti parameter computed using as reference the 214Bi and 11C time profiles
from real data, with reconstructed emission time relative to the cluster start.

• The Gatti parameter computed using as reference the 214Bi and o-Ps (Monte
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Carlo-generated) time profiles, with reconstructed emission time relative to the
cluster start.

• The Gatti parameter computed using as reference the Monte Carlo-generated
11C time profiles with and without o-Ps formation, with reconstructed emission
time relative to the cluster start.

• The Gatti parameter computed using as reference the 214Bi and 214Po time profiles
from data.

• The Kolmogorov-Smirnov probabilities between the emission time distribution of
the event and the 214Bi or 214Po reference time profiles.

• The reconstructed emission time, relative to the peak of the time distribution, of
the earliest hit in the cluster.

• The peak of the emission time distribution relative to the reconstructed time of
the event.

• The first four moments of the emission time distribution (i.e. mean, rms, skewness
and kurtosis) for hits up to 1.1 µs after the cluster start.

• Ten tail-to-total (see Sec. 3.4.2) variables that are the fraction of the hits in the
cluster after particular times (35, 70, 105, 140, 175, 210, 245, 280, 315 and 350 ns)
relative to the peak of the distribution.

• The first four Legendre polynomials, averaged over all combinations, of the angle
between any two hit PMTs relative to the reconstructed position of the event.

• The uncertainties in the reconstructed position along an axis (x, y, z, as returned
by the fitter) divided by the mean of the other two uncertainties.

• The ratio (for all axes) of the reconstructed position of the event obtained from the
time-of-flight subtraction algorithm to the charge-weighted average of the PMT
positions in the event.

The final output variable of the BDT algorithm (the PS-BDT parameter) and the
corresponding distribution of the test samples is shown in Fig. 5.10.

As the training and test samples are statistically independent, the probability distri-
bution functions (PDFs) from which the PS-BDT parameter distributions for the test
samples are drawn should be the same as those for the final candidates, as long as
they belong to the same population of events. The probability of the 11C decay to be
selected by a TFC veto should be independent on the details of the decay, including
the energy of the positron emitted and the probability that it forms ortho-positronium,
and, therefore, the test sample for the β+ should have the same distribution in energy
and all variables included in the computation of the PS-BDT parameter as the 11C
decays in the final data sample. The efficiency in the TFC tagging has been observed
to be spatially uniform up to 2.8 m from the centre of the detector (Sec. 5.5.3). For
the training candidate sample of the PS-BDT parameter we have included events up
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Figure 5.10: Distributions of the PS-BDT parameter for the test samples of β− (green
line) and β+ (blue line) events. β− are low energy (< 900 npe) 214Bi events selected
from fast 214BiPo coincidences. β+ events are 11C events tagged via the TFC tech-
nique described in Sec. 5.5.3. The training was performed using ROOT’s Toolkit for
MultiVariate Analysis and the pulse shape cluster variables listed in Sec. 5.7.3.

to 3 m but, as we observed no noticeable dependence of the PS-BDT parameter on
reconstructed radial position and, we do not expect any differences between the test
sample distribution and that of the 11C decays in the final candidates sample.

The differences between the test sample and the β−events in the final candidates are
larger. Not only is the test sample itself composed of some events that have some γ-
ray contribution, but in the final candidates there should also be some external γ-rays.
The profile is similar in both cases, with γ-ray contributions increasing towards higher
energies, yet the relative composition as a function of energy has not been shown to
be identical. We have argued that the largest difference between the pulse shape of β+

and β− events is due to the delayed γ-rays from the formation of ortho-positronium,
but we have also acknowledged that the diffuse nature of the energy deposits in the β+

decay, which may be similar to those from single γ-rays, could also lead to pulse-shape
differences (Sec. 5.7.1). As mentioned earlier, the γ-ray contribution to the 214Bi sample
starts at ∼700 npe and therefore, if the increase in the γ-ray content has an effect in the
PS-BDT parameter, we may see a change in the distribution after this point. Fig. 5.11
(right) shows the energy dependence of the mean value of the PS-BDT parameter for
both 11C and 214Bi test samples. As may be observed, there is indeed an increase in
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Figure 5.11: Left panel: Energy spectrum for the events in the 11C (β+) and low
energy 214Bi (β−) test samples. Right panel: Mean value for the PS-BDT distribution
in the corresponding npe bin. For both test samples, the PS-BDT value increases at
higher energies. The energy dependence of the parameter will not lead to any differences
between the PS-BDT distributions of a test sub-sample and the corresponding events in
the final candidates sample, as long as the energy spectrum does not differ considerably
in the energy range of the events in the distribution.

the PS-BDT mean at higher energies, but this effect is present in both test samples,
which suggests that it is due to an overall dependence of the PS-BDT parameter on the
energy and not necessarily correlated with the increase in the γ-ray contribution in the
214Bi sample. The energy dependence itself should not be a problem for our analysis, as
long as the energy bins for the PS-BDT distributions that we consider are small enough
such that neither the PS-BDT mean values nor the energy spectra for the test and final
samples differ considerably throughout them. In Sec. 5.10.3.6 we perform an evaluation
of the systematic uncertainty induced by these issues.

Additionally, the spatial distribution of the events in the 214Bi sample is not the same
as the β− events in the final candidates. The 214Bi events selected are decay products
of 222Rn, which has been mostly introduced into the detector during operations (from
the top) or has been emanated by the nylon vessels, leading to a non-uniform spatial
distribution. Furthermore, some of the events in the final candidates considered β− are
external γ-rays, whose position is preferentially reconstructed towards the edge of the
FV. Fig. 5.12 (right) show the relationship between the 214Bi PS-BDT parameter and
the reconstructed z event coordinate. Fits to the mean values of the PS-BDT distribu-
tions as a function of both r and z are consistent with the PS-BDT parameter being
independent on position (p-values of 0.5 when fit to a constant), suggesting that no con-
siderable differences are introduced in the PS-BDT distributions due to the differences
in the spatial distribution of the test and final candidates samples.
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Figure 5.12: Left panel: Spatial density for the events in the test samples as a
function of z. TFC-tagged 11C events (β+ test sample) have a uniform distribution,
while the low energy 214Bi events (β− test sample) are found preferentially in the top
of the detector. Right panel: Relationship between the PS-BDT parameter and the
reconstructed z position for the events in the low energy 214Bi test sample. The color
scale represents the number of events that fall within the two-dimensional histogram
bin. The black markers show the mean value of the PS-BDT parameter for the events
in the corresponding z-bin. No z dependence of the PS-BDT parameter is observed.

5.8 Radial and energy distributions of external γ-ray
background

As described in [137] and reported in Sec. 5.3, the SSS, the PMTs and the light con-
centrators are contaminated with considerable amounts of 232Th, 238U and 40K. Mainly
the long-ranged γ-rays from the daughter nuclides 208Tl (2.61 MeV) and 214Bi (up to
3.27 MeV) contribute to the external background observed in the inner part of the
detector. External source calibration of the detector and the development of a special
Monte Carlo simulation procedure for the background coming from the PMTs were nec-
essary to generate and validate radial and energy distributions of the γ-ray background
required for this analysis.

The external calibration was performed using a∼5MBq custom-made 228Th source [124,
125]. 228Th was selected due to its long half-life (τ1/2 = 1.9 years) and the fact that
one of its daughter nuclides, 208Tl, emits the characteristic 2.61 MeV γ-rays dominating
the external background observed in Borexino. During the first external calibration
campaign, the 228Th source was deployed in two positions close to the SSS, one in the
top and one in the bottom hemisphere of the detector.

Taking into account the attenuation length of about 23 cm estimated from the cali-
bration data, the rate of external γ-rays is strongly reduced by a factor of 107 within a
radius of 3 m. The spectral analysis requires the simulation of a sample of ∼104 γ-rays
in the FV, thus approximately 1012 primary events had to be generated. In order to
speed up the time-consuming simulation, several actions have been taken:

• Primary events are simulated on a sphere of 6.5 m radius (corresponding to the
PMT photocathode surface).
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Figure 5.13: Comparison between the reconstructed position of events with energy
> 400 nhits from the calibration data (black line) and the 2.61 MeV simulated external
γ-rays (pink line), surviving within 3 m from the centre of the detector, for the source
positions in the top (left panel) and bottom (right panel) hemispheres. The χ2/ndf
between the two histograms (Monte Carlo and data) is ∼0.8–0.9.

• Only those γ-rays directed towards the IV (emission angle limits: -33◦ < θ < 33◦)
are simulated.

• As a first step, the optical processes (such as scintillation and Cherenkov light
generation) are deactivated and all information concerning the energy deposition,
the vertex position and the direction of the particle are written to a binary file.

• If, for a simulated event, the sum of the energy deposited exceeds 200 keV and
lies within 3.2 m from the centre of the detector, an electron is generated for each
γ-ray energy deposit. Then, the electron is propagated with the corresponding
starting energy, position and direction and all optical processes are simulated.

This way, the CPU time required for the simulation of the first step for a single events
is ∼ 5 × 10−5 s and for the second step ∼ 9 × 10−6 s. Finally, the detector electronics
simulation is performed and its output, whose format is the same as the raw data, is
processed with the full reconstruction software (see Chapter 4).

In order to validate the external background simulations, a simulation of the point-
like external γ-ray source has been performed and compared with the calibration data.
As shown in Fig. 5.13 and 5.14, the energy and reconstructed position of the simulated
events in both the top and bottom hemispheres are in agreement with data at the 99.5%
level.

5.9 Fitting procedure

The fitting procedure performed in this analysis is described in this session. The rates (or
limits) for neutrino and background components are obtained with a binned multivariate
likelihood fit. Information from the energy spectrum (Sec.5.5, Sec.5.9.2), pulse-shape
BDT parameter (Sec.5.7, Sec.5.9.3), and radial distribution of the events (Sec. 5.8,



5.9 Fitting procedure 95

normalized nhits
200 300 400 500 600 700 800 900 1000 1100

1

10

210

data

MC

normalized nhits
200 300 400 500 600 700 800 900 1000 1100

10

210

data

MC

Figure 5.14: Comparison between the reconstructed nhits for events from the calibra-
tion data (black line) and the 2.61 MeV simulated external γ-rays (pink line), surviving
within 3 m from the centre of the detector, for the source positions in the top (left
panel) and bottom(right panel) hemispheres. The χ2/ndf between the two histograms
(Monte Carlo and data) is ∼ 1.2.

Sec. 5.9.4) are included in the likelihood (Sec. 5.9.1) to maximise. The 11C subtracted
energy spectrum (Sec 5.5.3) and its complementary (TFC-vetoed) spectrum are fitted
simultaneously. The fit method has been validated using data-like samples of known
input composition (Sec. 5.10.2).

5.9.1 Multi-dimensional fitting strategy

The method of maximum likelihood (see Sec. 33.1.2 in [2]) is used in the pep ν analysis
to fit the data. The likelihood was chosen as test statistic for two reasons:

• the small number of entries in some of the high energy bins of our final energy
spectrum;

• the possibility to extend the likelihood in a multi-dimensional approach, in order
to include the β+ / β− pulse-shape BDT parameter (Sec. 5.7) and the radial
distribution of the events (Sec. 5.8) in the likelihood to maximise.

For a one-dimensional fit, one would compute the Poisson likelihood, L, of a hypoth-
esis (i.e. the likelihood that the data fits a test spectrum with a set of parameters ~θ)
as

L(~θ) =
n∏
i=1

λi(~θ)
kie−λi(

~θ)

ki!
(5.6)

where the product is over all bins and n is the total number of bins. λi(~θ) is the
expected number of entries in the ith bin given the fit parameters (~θ) and ki is the
number of entries in the bin. As an example, ki could be the number of entries in a
particular energy bin, and λ(~θ) the expected number of entries in that bin given the
rates of each species described by the array of parameter θ.
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For the pep ν analysis, in order to constrain the impact of the background due to 11C
decays and the external γ-rays, the likelihood is extended to other variables, namely,
the pulse-shape BDT parameter (Sec. 5.7) and the radial distribution (Sec. 5.8) of the
events. The probability density functions (PDFs) of some of these variables are produced
from data (e.g. the pulse-shape PDF for β− is taken from tagged 214BiPo events) and
we do not have neither very high statistics, nor an analytical model to produce precise
multi-dimensional PDFs. Therefore, the events are projected and integrated over an
energy range larger than the energy spectrum binning, into one-dimensional histograms
of the other variables, and the corresponding likelihood is computed. In this case though,
a correlation between the number of counts in the different histograms is introduced,
as events that are in the energy spectrum will also be entries in the projections. To
handle this issue, the PDFs of the hypothesis are normalized to the total number of
entries in the projected data histograms. Consequently, the likelihood computed for the
projections is defined as:

Lp(~θ) =
m∏
j=1

aλj(~θ)
kje−aλj(

~θ)

kj!
(5.7)

N = a
m∑
j=1

λj(~θ) (5.8)

where N is the total number of entries in the projected histogram and a is a scaling
factor set to satisfy Eq. 5.8. Here λj(~θ) represents the expected bin content of the
projected histogram in the corresponding other variable, and kj is the actual number of
entries in that bin. The scaling does not affect the values of λ(~θ) at the maximum like-
lihood but the uncertainties given by likelihood ratio tests may not be underestimated,
as it is the case when the scaling is not done. Even though we have not demonstrated
that this procedure is mathematically sound, in Sec. 5.10.2 we perform MonteCarlo tests
with data-like samples to show that the statistical interpretation of likelihood ratio tests
holds for the computed total likelihood.

The total likelihood to maximise is then

LT (~θ) =
mE∏
i=1

L(~θ)×
mp∏
j=1

Lp(~θ) (5.9)

where L(~θ) and Lp(~θ) are defined in Eq. 5.6 and 5.7, respectively. The first product
is over the mE independent energy spectra (e.g. those of the TFC-tagged and TFC-
subtracted events, see Sec. 5.9.2) and the second is the product over all mp projections
to other dimensions (e.g. radial distribution and PS-BDT parameter space) of regions
of one of the energy spectra. This definition has been implemented into the fitting code,
which pass − lnLT (~θ) to MINUIT as the test statistic to be minimised.

As we are using PDFs from data with limited statistics for the fit to the PS-BDT
parameter space, we have had to introduce a correction to handle the possibility of
there being an event in a bin for which there are no events in the corresponding fitting
PDF, not because the true λi is zero, but because of the limited statistics. This effect is
reduced greatly since a “smoothing” is applied to the fitting PDFs (Sec. 5.9.3), increasing
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the statistics significantly and filling up empty bins. The detailed explanation of the
modification will be omitted here as it comes from a redefinition of the likelihood for
which its total value is almost identical to the one obtained from Eq. 5.9, except for the
case where λi = 0 and ki > 0. In such case, the likelihood for the bin becomes

Li =
(

N

NPDF + n

)ki
(5.10)

where n is the number of bins in the histogram and N and NPDF are the entries in the
projected histogram and the fitting PDF, respectively. The probability computed by
this method, albeit small as generally NPDF � N , is non-zero and, therefore, can be
handled appropriately by the fitter.

For this analysis, we have not made any particular corrections to the likelihood
for the bins over which the bin contents (and their corresponding uncertainties) have
been changed by the statistical α subtraction procedure (Sec. 5.5.4). Generally, the
uncertainties remain unchanged except for the region of the 210Po peak (150–250 npe).
For example, in the case of the npe spectrum, out of 146 bins, only 18 had an increase
in uncertainty > 5% and only 5 had an increase > 15%. Not considering this increase
in the uncertainty will not affect the best fit value (i.e. the values of λ(~θ) for which the
maximum likelihood is found), but may have a small effect in the uncertainty returned
by the fit for species determined by this region of the spectrum, namely 7Be, 85Kr and
210Bi.

5.9.2 Fit to the energy spectra

5.9.2.1 Subtracted and complementary energy spectrum fit

We have applied a binned likelihood fit to the energy spectra obtained from the event
selection outlined in Sec. 5.5. Both the TFC-subtracted spectrum and its complemen-
tary spectrum are fitted simultaneously, keeping the rates of most species as common
parameters (see Table 5.7). The only species whose rates are different parameters in the
two spectra are 11C, 10C and 6He. The 11C rate is indeed suppressed by the TFC, as it
is correlated with neutron production (Sec. 5.5.3). 10C and 6He are also cosmogenic in
nature and their production may also be correlated with neutrons, therefore their rates
are kept independent in the two spectra.

5.9.2.2 Input energy spectra

In order to check for consistency within our assumptions and to get an evaluation of the
systematics involved with the energy detector response function, we use two different
energy variables to fit the energy spectrum. The energy variables used are nhits and
m4charge_noavg (npe), whose descriptions are in Sec. 5.6. The energy spectrum PDFs
used to fit the nhits and m4charge_noavg (npe) spectra have been produced with inde-
pendent methods: the PDFs for nhits have been obtained with the full Monte Carlo sim-
ulation of the Borexino detector (see Chapter 4), while the PDFs for m4charge_noavg
(npe) are based on an analytical model of the detector response.
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Species Rate free or fixed Common In PS-BDT fit In radial dist. fit
pep ν free Yes β− Bulk
CNO νs free Yes β− Bulk*
7Be ν free Yes β−* Bulk*
pp fixed (133 cpd/100t) Yes β−* Bulk*
8B ν fixed (0.46 cpd/100t) Yes β− Bulk
214Pb fixed (1.95 cpd/100t) Yes β− Bulk*
210Bi free Yes β− Bulk*
10C free No β+ Bulk
11C free No β+ Bulk
Ext. 214Bi free Yes β− External
Ext. 40K free Yes β− External
Ext. 208Tl free Yes β− External
6He free No β− Bulk
40K free Yes β− Bulk
85Kr free Yes β−* Bulk*
234mPa free Yes β− Bulk

Table 5.7: Background and neutrino species considered in the fit. The pp ν and 8B ν
interaction rates have been fixed to the central values from the High-Z solar model [60].
The value for 214Pb was estimated to be 1.95± 0.07 cpd/100tons from the 214BiPo rate
obtained from the fast coincidence search in the analysis exposure. The third column
refers to whether the rates for a species in both the TFC-subtracted and TFC-tagged
spectra are a single parameter. The last two columns show if the species is consid-
ered signal or background in the simultaneous fits to the pulse shape BDT parameter
(Sec. 5.9.3) and the radial distribution of the events in the FV (Sec. 5.9.4). The asterisk
(*) denotes species that, due to the energy range considered for the fits in the PS-BDT
or radial position dimensions, are effectively excluded from the corresponding fit.
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The PDFs for nhits spectrum are obtained using a Monte Carlo ab initio simulation of
all the process in the detector, including particle energy loss, scintillation and Cherenkov
photon generation, optical photon propagation and detection, and the response of the
electronics, as described in Chapter 4. The electronic simulation code reproduces as
close as possible the real behaviour of the detector, following the pattern of working
PMTs both in time and in charge, the number of PMTs disabled during each run,
the real gain of each PMT, and the dark noise (see Sec. 4.2.6). The resulting spectrum
automatically incorporates the simulated energy response of the detector. The simulated
raw data are then processed with the same tools used to decode and reconstruct the
real data. The Standard Cuts (Sec. 5.5.1) are then applied to the simulated data. More
information on the Monte Carlo simulation of Borexino can be found in Chapter 4 and
the PhD thesis [118].

The PDFs for the m4charge_noavg (npe) are produced by the fitter starting with
the β energy spectrum (or γ-ray energy). The relationship between the energy of a β
or γ-ray and its mean value in the m4charge_noavg (npe) scale was calibrated in the
context of the 7Be ν analysis [25]. After the energy spectrum has been translated to
m4charge_noavg (npe), the detector response is applied. Details of this procedure can
be found in the PhD thesis [119]. For the energy spectra of the external background
species, we rely on the visible energy spectrum from g4bx (Sec. 5.8) and convert it to
a β-equivalent energy spectrum using our analytical model for the scintillator energy
response, so that it can be treated by the fitter as a continuous β spectrum. As the
spectra are computed by the fitter itself, some of the energy response parameters may be
left free in the fit. These include the absolute detector light yield, the relative light yield
for external background species, the starting point of the 11C spectrum (the spectral
feature that is most sensitive to non-linear quenching effects in the scintillator) and the
resolution parameters for the modified Gaussian used in the modelling of the detector
response.

5.9.2.3 Energy calibration

The energy calibration of the nhits and m4charge_noavg (npe) PDFs are based on the
detector calibration campaign (in particular, the γ-ray sources 203Hg, 85Sr, 54Mn, 65Zn,
40K, 60Co), which provide a clean sample of data that has been used to:

• Check the accuracy of the results from the Monte Carlo code, and tune the values
of some unknown parameters (in particular, to find the best value for the photon
yield and the Birk’s quenching factor);

• Fit to the parameters in the quenching and electronics analytical models used to
translate the β energy to detected m4charge_noavg (npe).

Additionally, for the Monte Carlo, the photon yield has then been rescaled by +0.8%
to match the central value of the TFC-tagged 11C spectrum in the FV used in this anal-
ysis. The absolute light yield for the Monte Carlo nhits spectrum is ∼ 430 nhits/MeV.
More information on the calibration Monte Carlo simulation of Borexino can be found
in Sec. 4.3.3 and in the PhD thesis [118].
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Background Source (npe spectrum) Source (nhits spectrum)
85Kr Table of Isotopes GeNeb
210Bi [144] SCS, [144]
11C Table of Isotopes RDM
10C Table of Isotopes RDM
214Pb Table of Isotopes RDM
Ext. 208Tl g4bx-RDM g4bx-RDM
Ext. 214Bi g4bx-RDM g4bx-RDM
Ext. 40K g4bx - Table of Isotopes g4bx - Table of Isotopes
40K 3rd Forbidden correction GeNeb
234mPa Table of isotopes GeNeb
6He Table of isotopes RDM

Table 5.8: Input energy spectrum for backgrounds. See Sec. 5.9.2.2 for the procedure
to generate the fitting PDFs from these spectra. More details on the GeNeb, RDM and
SCS generators can be found in Sec. 4.2.1.2 and in the Borexino internal note [130].
Detailed references for the input energy spectra and shape factors used to create the npe
spectra can be found in the PhD thesis [119]. More details on the external background
generation can be found in Sec. 5.8.

The precise energy calibration of the m4charge_noavg (npe) variable has been per-
formed for the 7Be ν analysis [25]. The details may be found in the PhD thesis [119].
The systematic uncertainties in the fit results due to energy scale calibration are dis-
cussed in Sec. 5.10.3.

5.9.2.4 Neutrino energy spectra

The neutrino energy spectra are calculated using the oscillation parameters ∆m2 =
7.59 × 10−5 eV2 and sin2(2θ) = 0.87 [2]. The electron neutrino survival probability
(Pee) is calculated in the framework of the LMA-MSW oscillations (see Sec. 2.7). The
Sun matter effects for the nhits spectra are computed according to [128]. For the npe
spectrum, radiative corrections in the neutrino-electron elastic scattering are consid-
ered [104]. Inclusion of these corrections and Earth matter effects, as well as changing
the oscillation parameters (within their uncertainties), leads to negligible differences in
the energy spectra (see Sec. 5.2). The CNO νs are treated as a single spectrum, as
discussed in Sec. 5.2.

5.9.2.5 Background energy spectra

An estimate of all the relevant backgrounds is discussed in Sec. 5.3. Table 5.8 lists the
background energy spectra included in the fit.
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Parameter npe variable nhits variable
Bin width 10 npe 5 nhits
Fit range 160–1600 npe 145–950 nhits
Resolution fixed fixed
Light Yield fixed - 500.28 pe/MeV fixed - 430 nhits/MeV
Quenching model fixed fixed

Table 5.9: Configuration of the energy fit. The resolution, 11C starting point and relative
light yield for external background species in the npe fit were obtained from a fit to the
spectrum of TFC-tagged events without any statistical α subtraction, for details see
Sec. 5.9.2.3. The absolute light yield for the npe fit has been fixed to the best-fit value
when the full fit is performed with the light yield parameter free (500.28 pe/MeV).
The nhits spectrum automatically incorporates the simulated energy response of the
detector. The absolute light yield from the nhits spectrum is ∼ 430 nhits/MeV.

5.9.2.6 Configuration of the energy fit

Table 5.9 shows the standard configuration of parameters for the energy fit. To facilitate
the comparison between the nhits and npe fit results and uncertainties, the absolute
light yield in the npe fit is fixed to the best-fit central value obtained when the light
yield is left free, 500.28 pe/MeV, and its associated uncertainty is treated separately
(Sec. 5.10.3.3). The stability of the fit under small variations in the configuration, and
the related systematic uncertainty are discussed in Sec. 5.10.3.

5.9.3 Fit to the β+/β− pulse-shape parameter.

Table 5.10 shows the standard configuration of parameter for the multivariate β+/β−
PS-BDT fit. The bin width corresponds to the size of the region over which the TFC-
subtracted energy spectrum is projected into the PS-BDT dimension. In either case,
there are five one-dimensional projections to be fit. Two PDFs are used, one correspond-
ing to the signal (β−) and another corresponding to the background (β+). The PDFs
are constructed for every energy region from the test samples shown in Fig. 5.7.3. This
construction includes a kernel “smoothing", which is applied by simulating, for every
event in the original test sample, 200 events distributed with a Gaussian whose mean is
the value of the original event and whose sigma is the bin width of the PDF histogram.
To obtain the amplitude for each PDF in a particular energy region, before the normal-
ization discussed in Sec. 5.9.1, the energy spectra for the signal and background species
are integrated over that region. In this case, the background (β+) species are 11C and
10C, while all other species are considered signal (β−) (see Table 5.7). The stability of
the fit under variations in the configuration and the related systematic uncertainty is
discussed in Sec. 5.10.3.
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Parameter npe variable nhits variable
Bin width 90 npe 50 nhits
Energy range 450-900 npe 400-650 nhits
Smoothing 200 200

Table 5.10: Configuration of the β+/β− pulse shape fit. The energy range considered
for the fit is set by the energy range of the 11C spectrum, as the β+ PDF is made from
the TFC-tagged subsample of it.

Parameter npe variable nhits variable
Bin width 50 npe 25 nhits
Energy range 600-1400 npe 500-900 nhits
Smoothing 0 0

Table 5.11: Configuration of the radial distribution fit. The lower bound for the energy
range is set by the decision to exclude 210Bi from the fit, as its spatial distribution is
probably not uniform. The upper bound is set by the statistics of the simulation, as
the highest energy γ-ray simulated was the 2.61 MeV γ-ray from 208Tl, whose statistics
decrease rapidly for energies greater than the full energy peak.

5.9.4 Fit to the reconstructed radial position

Table 5.11 shows the standard parameter configuration for the multivariate radial dis-
tribution fit. Here the procedure is very similar to the one described in Sec 5.9.3, except
that the background species are the external contributions from 208Tl, 214Bi and 40K,
while all other species are considered signal (bulk events) (see Table 5.7). The PDFs
used are also energy dependent, corresponding to the particular energy regions, but are
generated from Monte Carlo (Sec. 5.8) and, as the statistics are sufficient, no smooth-
ing is performed. We have chosen the lowest energy for the events to be considered
for the fit based on the end-point of the 210Bi spectrum. The rate from this species
has been increasing since the start of Borexino (see the PhD thesis [119]) and, as it is
not spontaneously created in the scintillator but it is presumably coming into the FV
from somewhere, we do not expect its spatial distribution to be uniform and, therefore,
we exclude it from the fit. The included species (Table 5.7) are all expected to be
distributed uniformly. The distribution of 11C has been shown to be uniform within
3 m from the centre of the detector [119] and we expect the other cosmogenic isotopes
10C and 6He to be no different. Likewise 40K and 234mPa, which come from permanent
contaminations in the scintillator, should have uniform spatial distributions. The sta-
bility of the fit under small variations in the configuration, and the related systematic
uncertainty is discussed in Sec. 5.10.3.
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5.10 Results

5.10.1 Fit result

The final fit result for the energy spectra are shown in Fig. 5.15 and 5.16, while the
corresponding best fits for the pulse-shape and radial distributions are shown in Fig. 5.17
and 5.18, respectively. Fig. 5.19 shows the ∆χ2 profiles as a function of both pep ν and
CNO νs interaction rates. The returned minimised − lnL values by the fit are in good
agreement with expectations (Sec. 5.10.2). Table 5.12 summarises the mean values,
limits and statistical and systematic uncertainties (Sec. 5.10.3). As may be observed
from the table, in both fits the CNO νs interaction rate is railed to zero. Therefore, we
have performed a likelihood ratio test (validated in Sec. 5.10.2) to estimate the upper
limits. Finally, Fig. 5.20 (left) shows the ∆χ2 profile from which these values have been
obtained. Fig. 5.21 presents the best fit value for the pep ν interaction rate when the
CNO νs interaction rate is fixed at different values and Fig 5.20 (right) shows the ∆χ2

profile for the pep ν interaction rates.
As may be observed in Fig. 5.15 and 5.16, the 11C, 10C and 6He rates are much

smaller in the spectrum of events after the TFC veto, as expected (Sec. 5.5.3). With
the results from the fit we can estimate the fraction of 11C background after the veto
to be 0.094± 0.009.

The last column of Table 5.12 shows the expected rates for the fit species based
on other sources. For the pep ν and CNO νs interaction rates, the results are consis-
tent with the expectations from both the High-Z and Low-Z SSMs. The results for
the cosmogenic isotopes 10C and 6He are also consistent with those obtained from ex-
trapolations from KamLAND data (Sec. 5.3.2) and the value for 85Kr is ∼ 2σ away
from the one measured by the delayed coincidence method. The upper limits on the
234mPa rate are lower than the expected value calculated from the 238U contamination
in the detector (Sec. 5.3.1). We note, though, that in the measurement of the 238U
contamination, certain assumptions have been made regarding which and what fraction
of the 214BiPo candidates are in secular equilibrium with 238U. Yet, as 214BiPo is much
further down the decay chain than 234mPa and can enter the fiducial volume, not only
from 222Rn emanated by the vessels or from outside sources, but also from an original
contamination of 226Ra in the scintillator, this value could be overestimated.

The measurement of the external background rates are at least a factor of 5 lower than
the expectations. The γ-ray propagation from the PMTs to the FV by the Monte Carlo
has been validated with the external radioactive source (Sec. 5.8) and, therefore, we
suspect that this disagreement is associated with the measurement of the radioactivity
of the PMT components in [137]. Additionally, there is a ∼ 1σ difference between the
values obtained for the 7Be ν interaction and 11C decay rates between this analysis and
the 7Be ν analysis [25]. This may be larger than expected, as the data sets used in
the two analyses have most events in common and, therefore, are strongly correlated.
For the 7Be ν interaction rate, the discrepancy may be systematic, as the procedure to
select the central value (i.e. decide which fit configuration to consider “standard") was
different. The systematic checks in Sec. 5.10.4.1 and 5.10.4.2 clarify this issue. As for
11C, its production is cosmogenic and, therefore, its rate is not only time dependent but
also driven by high multiplicity events, making it much more sensitive to differences
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Component Central Value Statistical Unc. Systematic Unc. Expected value
cpd/100 tons cpd/100tons cpd/100tons cpd/100tons

pep ν 3.13 0.55 0.30 2.80± 0.04
7Be ν 48.3 2.0 0.9 46.0± 1.5± 1.6
85Kr 19.3 2.0 1.9 30.4± 5.3± 1.3
210Bi 54.5 2.4 1.4 NA
11C 27.4 0.3 0.1 28.5± 0.2± 0.7
10C 0.62 0.2 0.1 0.54± 0.04
6He 0.7 (0) 0.6 (0.5) 1 0.31± 0.04
Ext. 208Tl 1.64 (1.94) 0.11 (0.13) 0.01 (0.02) > 5.7
Ext. 214Bi 0.67 (0.41) 0.12 (0.13) 0.01 (0.02) > 6.6
Ext. 40K 0.16 0.12 0.03 > 0.2
Tot. Ext. γ 2.49 0.2 0.03 > 12.5

68% Limit 95% Limit 99% Limit
CNO νs 4 12 19 5.4± 0.8 (3.8+0.6

−0.5)
40K 0.11 0.42 0.69 NA
234mPa 0.12 0.46 0.75 1.78± 0.06

Table 5.12: Table summarising the final results and their corresponding uncertainties.
The statistical uncertainty is the one returned by the fitter, which has been validated
for the pep ν interaction rate in Sec. 5.10.2. For 210Bi, the symmetric uncertainty
returned by the fitter does not represent well the ∆χ2 profile, as can be suspected from
the strong correlation with the CNO νs interaction rate (Fig. 5.22). For species that
are fit to zero, the upper confidence limits are obtained from the ∆χ2 profile, as in
Fig. 5.20 for CNO νs. The total systematic uncertainty has been obtained following the
methodology outlined in Sec. 5.10.3. Differences between best-fit rates from the npe
and nhits fits have been included within the systematic uncertainty, except for external
208Tl and 214Bi, for which the rates and uncertainties are given separately i.e. npe
(nhits). For the case of 6He, its central value is zero in the nhits fit and the number
given in parentheses for the uncertainty is the 68% U.L., while the corresponding 95%
U.L. is 1.5 cpd/100tons. The last column shows the expected values for the different
species based on other sources. The expected interaction rates for pep ν and CNO νs
are obtained from the latest High-Z (Low-Z) SSMs [60]. The expected rates for 7Be ν
interactions and 11C decays are from the 7Be ν analysis [25]. The expected 85Kr rate
comes from the delayed coincidence analysis [25]. The expected rates for 234mPa and 10C
and 6He have already been presented in Tables 5.3 and 5.4, respectively. The expected
rates from backgrounds from the PMTs (Table 5.5) are taken as lower limits on the
total external background. No previous valid estimates for 210Bi and 40K are available.
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Upper Limit CNO νs interaction rate Solar CNO νs flux % of total solar
(pep ν rate @ SSM) cpd/100tons 108cm−2s−1 ν flux

68% 4.0± 1.3 3.9± 1.2 0.6± 0.2
95% 7.6± 1.2 7.4± 1.2 1.1± 0.2
99% 10.0± 1.1 9.7± 1.1 1.5± 0.2

Table 5.13: Upper limits for the CNO νs interaction rate when the pep ν interaction
rate is fixed at the SSM prediction of 2.8 cpd/100tons. The corresponding ∆χ2 profile
can be seen in Fig. 5.20 (right). The uncertainties are systematic and were obtained
following the methodology outlined in Sec. 5.10.3. The uncertainty introduced by the
differences in the predicted pep ν flux from the High-Z and Low-Z SSMs is negligible.

Distributions considered pep ν 7Be ν 11C Ext. 214Bi
Single energy spectrum 0.6± 2.8 50.2± 3.0 1.66± 0.60 0.64± 0.24
Only energy spectra 2.44± 0.80 49.9± 1.9 1.82± 0.48 0.40± 0.23
Energy spectra + radial dist 3.75± 0.96 50.0± 1.9 1.41± 0.41 0.73± 0.13
Energy spectra + PS-BDT 3.37± 0.55 48.4± 1.8 2.78± 0.17 0.44± 0.16
No complementary spectrum 3.45± 0.64 47.9± 1.8 2.46± 0.16 0.72± 0.13
All 3.33± 0.57 48.3± 1.7 2.48± 0.16 0.68± 0.12

Table 5.14: Differences in the central values and uncertainties of some characteristic
species returned by the fit with the standard options (Tables 5.7, 5.9, 5.10 and 5.11)
when different event distributions are included; the energy estimator is npe; central value
and uncertainties are expressed in cpd/100tons. The 11C rate presented corresponds to
the one in the TFC-subtracted spectrum. The results from the last row are those from
the full fit result presented in Fig. 5.16, 5.17 (right) and 5.18 (right). The uncertainty
in the rates decrease as more distributions are considered. The distribution whose
inclusion in the fit has the greatest effect in the pep ν interaction rate uncertainty is
that of the PS-BDT parameter. Differences in the central values are also observed and,
for the case of the ν interaction rates, these are smaller than the fit uncertainty.
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in exposure than the rates for other species. Furthermore, we have included in this
analysis many background species under the 11C spectrum that were not in the 7Be ν
analysis, namely 10C, 6He, 234mPa and external γ-rays, which have taken over some of
the counts in the 11C energy range, leading to the observed smaller value for its decay
rate.

Fig. 5.20 (right) shows the limits for the CNO νs interaction rates after fixing the
pep ν rate at the central value of the High-Z SSM prediction of 2.80 cpd/100tons. The
variation in the result from fixing the pep ν interaction rate within the uncertainties
of the SSMs, including the different predictions from the High-Z and Low-Z models,
are smaller than the differences due to the choice of energy estimator. For the case of
the npe variable, there is a non-zero central value at 2 cpd/100tons. The 68% U.L.
does not change significantly, while the 95% and 99% U.L. become much stronger (see
Table 5.13). The strong constraint in the CNO νs interaction rate from fixing the pep ν
rate to the SSM predictions is also evident in Fig. 5.24 (right).

Table 5.14 shows how the central values and uncertainties for some characteristic
species in the fit change as different event distributions (Sec. 5.9.2, 5.9.3 and 5.9.4) are
included in the fit. As expected, the larger the number of distributions considered, the
smaller the uncertainty in the fitted rates. For the neutrino interaction rates, variations
in the central values are smaller than the uncertainty returned by the fit, while for 11C
and external 214Bi, which are background species in the PS-BDT and radial distribution
fits, respectively (Table 5.7), their rates seem to be highly dependent on the inclusion
of those distributions.

5.10.2 Validation of fit method and statistical uncertainties

The fit method and the reliability of the fit results have been validated with the use of
data-like samples of known input composition. Using this method, we have tested the
goodness of fit (Fig. 5.23), the absence of biases in the fit results and the reliability of
the statistical uncertainty given by the fit (Fig. 5.23, right), the interpretation of the
likelihood ratio test as a ∆χ2 test (Fig. 5.24, left) and the frequentist interpretation of
confidence limits (Fig. 5.24, right).

In order to create data-like samples, we simulate random events distributed with
PDFs from the best fit to the data spectrum. Both energy spectra, PS-BDT and radial
distributions of data-like events are simulated. The total number of events simulated
is a random number from a Gaussian distribution with mean and variance equal to the
number of events in the real data spectrum. For PS-BDT and radial distributions, the
number of event to simulate in each bin is obtained from the energy spectrum in the
corresponding energy range, and the distribution is obtained from the reference PDFs in
that range. All the simulations of histograms have been constructed from the reference
distribution using the FillRandom method of TH1 class in ROOT [143]. The data-like
samples have then been fitted with the same configuration as for the real data.

The goodness of the fit has been tested by comparing the minimum − lnL value
obtained in the real data fit with the ones obtained from fits to the simulated data-like
samples. The result of the goodness of fit test is shown in Fig. 5.23: the fit is good for
both energy estimators and the p-value is ∼0.3.
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Figure 5.15: Energy spectra for the best fit result performed on the nhits energy esti-
mator. The top panel shows the best fit to the TFC-subtracted spectrum, while the
bottom presents the fit to the complementary, TFC-vetoed events. Details of the fit
can be found in Sec. 5.9.2.6. The best-fit values for the rates of the species included
in the fit are shown in the legend. For the species whose rates are independent in the
two spectra, the names with the suffix “_2" correspond to those in the complementary
spectrum. Limits for species that are labelled as “railed" can be found in Table 5.12.
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Figure 5.16: Energy spectra for the best fit result performed on the npe energy esti-
mator. The top panel shows the best fit to the TFC-subtracted spectrum, while the
bottom presents the fit to the complementary, TFC-vetoed events. Details of the fit
can be found in Sec. 5.9.2.6. The best-fit values for the rates of the species included
in the fit are shown in the legend. For the species whose rates are independent in the
two spectra, the names with the suffix “_2" correspond to those in the complementary
spectrum. Limits for species that are labelled as “railed" can be found in Table 5.12.
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Figure 5.17: Left panel: Distribution of PS-BDT parameter in the energy range 400–
650 nhits. Right panel: Distribution of PS-BDT parameter in the energy range 450–
900 npe; the scale is logarithmic. In both cases, the total PDF distribution from the
best-fit result is shown, as well as the result from a χ2-test to evaluate the goodness of
the fit.
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Figure 5.18: Left panel: Radial distribution of events in the energy range 500–900
nhits; the scale is logarithmic. Right panel: Radial distribution of events in the
energy range 600–1400 npe. In both cases, the total PDF distribution from the best-fit
result is shown, as well as the result from a χ2-test to evaluate the goodness of the fit.
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Figure 5.19: ∆χ2 profile obtained from a likelihood-ratio test between the likelihood
of the best-fit result and the maximum likelihood returned by the fit when pep ν and
CNO νs interaction rates are fixed to different values. The black lines on the plot
represent the 1σ, 2σ and 3σ contours. This result was obtained starting from the best
fit presented in Fig. 5.15 and 5.16. Systematic uncertainties are not included. Left
panel: The fits were performed using the nhits energy estimator. Right panel: The
fits were performed using the npe energy estimator.
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Figure 5.20: ∆χ2 profile obtained from a likelihood-ratio test between the likelihood of
the best-fit result and the maximum likelihood returned by the fit when the CNO νs
rate is fixed to different values. The blue (violet) points are the result of the test using
nhits (npe) variable. Differences between npe and nhits are considered in the evaluation
of the systematic uncertainty of the confidence limits. Left panel: the pep ν rate was
left free in the fit (the best-fit value for the pep ν rate at fixed CNO νs rate is displayed
in Fig. 5.21); Right panel: the pep ν rate was fixed to the SSM High-Z prediction of
2.8 cpd/100tons (a similar test has also been performed by fixing the pep ν rate to the
SSM Low-Z prediction of 2.86 cpd/100tons; the ∆χ2 profile in this configuration is very
similar).
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Figure 5.22: Correlation between CNO νs interaction rate and 210Bi decay rate. Left
panel: ∆χ2 profile obtained from a likelihood-ratio test between the likelihood of the
best-fit result and the maximum likelihood returned by the fit when 210Bi and CNO νs
interaction rates are fixed to different values. The black lines on the plot represent the
1σ, 2σ and 3σ contours. The fits were performed with the npe energy estimator. Right
panel: 210Bi rate returned by the fit for different (fixed) CNO νs interaction rate. The
shaded area is the statistical (fit) uncertainty. The fits were performed using the nhits
energy estimator. Another exercise was done with the pep ν interaction rate fixed to
the SSM prediction of 2.8 cpd/100tons with very similar results.
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Figure 5.23: Left panel: -lnL distribution obtained fitting 250 data-like samples; the
red entry is the minimum -lnL from the real data fit; the energy estimator is nhits;;
Right panel: Pull distribution for the pep interaction rate, obtained from fitting 250
data-like samples of known input composition; the energy estimator is nhits. The
outcomes are distributed as a Gaussian with the mean equal to the simulated interaction
rate and the standard deviation equal to the uncertainty returned by the fit.

The central value and symmetric 1σ uncertainty for the pep ν interaction rate re-
turned by the fit is consistent with the ∆χ2 profile (Fig. 5.23, left). Yet, the standard
interpretation of the uncertainty does not hold beyond 1σ, as the profile is asymmetric,
with a smaller gradient to the left side of the central value and, therefore, a weaker
constraint from below. We have also tested the absence of bias in the fit results and
the reliability of the corresponding uncertainty by studying the distribution of the pulls
for 250 data-like samples. The pull of a fit parameter is defined as the quantity: (fit
parameter value - true parameter value)/(uncertainty on fit parameter). The pull for
the pep ν interaction rate is shown in Fig. 5.23 (right): the outcomes of fits to data-like
samples are distributed as a Gaussian consistent with the mean equal to the simulated
pep ν rate and the standard deviation equal to the uncertainty returned by the fit.

The possibility of using the likelihood ratio test as a ∆χ2 test has been checked
by studying the distribution of the test’s outcomes for data-like samples. In fact, if
∆2 lnL can be interpreted as a ∆χ2, the outcomes of the test should be distributed
as a χ2 distribution with the number of degrees of freedom equal to the decrease in
the number of free parameters in the fit. To test this, we have simulated 100 data-like
samples with the CNO νs interaction rate at 10 cpd/100tons, and fitted twice, at first
leaving CNO νs rate free, and then fixing CNO νs rate to the simulated value. For each
simulated spectrum, we computed the ∆χ2 using the minimum − lnL from the two fits.
The outcomes of the ∆χ2 are shown in Fig. 5.24 (left): the distribution follows a χ2

distribution with one degree of freedom, as expected.

The frequentist interpretation of the CNO νs interaction rate limits has been tested
studying the distribution of CNO νs interaction rate outcomes for 250 data-like samples.
The outcomes of the data-like fits, shown in Fig. 5.24 (right), are compatible with the
probability interpretation of the ∆χ2 obtained from the likelihood ratio test in Fig. 5.20.
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Figure 5.24: Left: ∆χ2 distribution from likelihood-ratio tests to 100 data-like sam-
ples with the CNO νs interaction rate simulated at 10 cpd/100tons. Each simulated
spectrum has been fit with the standard options and again with the CNO νs interaction
rate fixed at the simulated value. The outcomes are distributed like a χ2 distribution
with 1 degree of freedom (red line), as expected. Right: Distribution of CNO νs in-
teraction rate outcomes, obtained from fitting 250 data-like samples with the spectral
composition given by the best fit (Fig. 5.15); the fits have been done to distributions of
the nhits energy estimator. The outcomes of the fits are compatible with the probability
interpretation of the ∆χ2 obtained from the likelihood ratio test in Fig. 5.20.

5.10.3 Systematic uncertainties

The sources of systematics uncertainties in this analysis, as well as the method to eval-
uate them, are very similar to the ones in the 7Be ν analysis (see [25] and the PhD
thesis [119]). The estimated dominant sources of systematic uncertainties for the pep ν
and CNO νs interaction rates are listed in Table 5.15. The most relevant of these are
the fit configuration (including the energy estimator used in the fit, Sec. 5.10.3.5) and
the energy scale (Sec. 5.9.1, Sec. 5.10.3.3), which contribute a ∼7.3% uncertainty in the
pep ν rate. The uncertainty from the fiducial mass estimation (Sec. 5.5.2, Sec. 5.10.3.1)
contributes with an additional ∼1%. The determination of the livetime and the rel-
ative exposure after the TFC veto (Sec. 5.5, Sec. 5.10.3.2) introduce an uncertainty
<1%. Other negligible sources of systematics uncertainties, such as the difference in
CNO νs spectral composition (Sec. 5.2.2) and radioactive discussed not included in the
fit (Sec. 5.3) have already been discussed.

5.10.3.1 Uncertainty from the fiducial mass determination

The evaluation of the systematic uncertainty related to the fiducial volume determina-
tion from position reconstruction has been performed in the same way as in the 7Be ν
analysis [25, 119]. The uncertainty has been evaluated in two cases, using the same
energy range of 7Be ν analysis, and a higher energy range that also includes electron
recoils from pep ν and CNO νs interactions (300–600 npe). The results are +0.4, -1.1 %
and +0.6, -0.9 %, respectively. Conservatively, we quote +0.6, -1.1 % as the systematic
uncertainty in the neutrino rates due to the fiducial mass determination.
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Source of systematics uncertainty % uncertainty Absolute unc.
cpd/100tons

Position Reconstruction +0.6 -1.1 +0.01 -0.03
TFC veto & livetime determination < 1 < 0.03
Energy variable & fit configuration 5.7 0.18
Energy response 4.1 0.13
Energy scale of Ext. γ <1 0.01
γ-rays in pulse shape distributions 2.7 0.08
Low statistics in PS-BDT reference shapes 5.0 0.15
Inclusion of independent 85Kr estimate +3.9 -0.0 +0.12 -0.0
210Bi spectral shape +1.0 -5.0 +0.03 -0.15
Uncertainty in 8B ν and pp ν flux <1 0.01
Total Energy variable, energy scale, fit config. 7.3 0.23
Total Systematic Uncertainty 10.0 0.31

Table 5.15: Summary of the dominant systematic uncertainties in this analysis. The
estimated value for the uncertainty in the pep ν interaction rate is shown; the absolute
uncertainty corresponds to the central value of 3.13 cpd/100ton. The uncertainties
introduced by these sources in the ∆χ2 values for the CNO νs interaction rate are
shown in Table 5.16.

CNO νs rate ∆χ2

4 1.0± 0.6
8 4.2± 1.3
10 6.7± 1.6

Table 5.16: Mean and rms of the ∆χ2 distribution for the systematic tests when the
CNO νs interaction rate is fixed to different values. The ∆χ2 was obtained from a
likelihood ratio test with the result obtained when the CNO νs rate was left free in the
fit. The pep ν rate was always fixed to the SSM prediction of 2.8 cpd/100tons. The tests
carried out include those summarised in Table 5.17, in addition to fits with PDFs for
which the energy scale has been varied within uncertainty. Other sources of uncertainty,
which are in common with the pep ν rate, are much smaller and can be neglected (see
Table 5.15).
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5.10.3.2 Uncertainty from the livetime and relative exposure

The computation of the livetime prior to the TFC veto has been performed in the
same way of the 7Be ν analysis [25]. The related systematic uncertainty is smaller
than the loss of exposure due to fast coincidences (see the PhD thesis [119]), which
has not been corrected for in this analysis. As this correction is much smaller than
the systematic uncertainty arising from to the fit configuration and energy scale (Table
5.15), a more precise evaluation is not necessary. The statistical uncertainty associated
with the counting method used to estimate the relative exposure after the TFC vetoes
(Sec. 5.5.3) is < 0.5%, due to the large number of events considered (210Po or simulated).
The discrepancy between the two methods, which is < 1%, is possibly due to systematic
effects associated with the non-uniform spatial and time distribution of the 210Po and
can be considered an upper limit on the accuracy of the method. Overall, we quote an
uncertainty in the exposure introduced by the livetime estimation and the TFC veto
that is < 1%.

5.10.3.3 Uncertainty from the energy scale

The calibration of the energy scale has been discussed in Sec. 4.3.1 and Sec. 5.9. To
study the systematic uncertainty in the pep ν rate associated with it, we took different
approaches for the different energy estimators.

For the nhits energy estimator, we performed fits using energy spectra PDFs with
different energy scale parameters that are ±2σ from the best-fit value, as determined
by likelihood-ratio tests. For the light yield, the scaling used to produce the spectra
was ±0.2% from the best fit value. We also considred a PDF with the light yield scaled
by -0.4% and with the 11C spectrum shifted by 4 hits, as well as one with worsened
detector resolution. Considering the differences between the best-fit pep ν rate and
those obtained from fits with these PDFs, we estimate a 1σ uncertainty in the pep ν
interaction rate of 4.1%.

To estimate the corresponding uncertainty in the fit to the npe energy estimator,
we have done a scan on the light yield about the best fit central value of 500 pe/MeV,
noting the change in minimised − lnL. We have kept the effective light yield of the
external background species (in pe/MeV) and the starting point of the 11C spectrum
(in npe) to their best-fit values. The 1σ uncertainty in the light yield for uniform species
is determined to be ±2 pe/MeV and the associated uncertainty in the pep ν interaction
rate is 1.7%. Additionally, to evaluate the effect of the energy resolution in the pep ν
interaction rate, we performed a fit with the resolution parameters set to +2σ of the
result obtained from the fit to the 210Po energy peak. The interaction rate increased by
0.3%, which is a negligible effect.

5.10.3.4 Energy scale of external background spectrum

In order to align the peak of the simulated 208Tl energy spectrum (Sec. 5.8, Fig. 5.14), to
the peak of the real data 208Tl, a shift of 5 nhits (over ∼900 nhits) is needed. In order to
evaluate the effect of the uncertainties of the external background energy scale, we have
compared the results of the fit with the 208Tl spectrum shifted of 5 nhits, the fit with no
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Parameter npe variable nhits variable
Energy variable npe nhits
Bin width 5, 10 5, 10
Fit start point 160, 165, 170 140, 145, 150
Fit end point 1560–1640 920–960
PS-BDT Bin width 90, 100, 120 50, 110, 120
PS-BDT start point 400, 450 400-430
PS-BDT end point 880–900 620-680
PS-BDT Smoothing 180–220 180–220
Rdist Bin width 40, 50, 70 25, 40
Rdist start point 580–620 490-510
Rdist end point 1380–1440 890-910
214Pb rate 1.95±0.07 1.95±0.07

Table 5.17: Variation in the parameter configuration of the fit for the systematics study.
In the case of the 214Pb rate, we vary the fixed rate according to a Gaussian distribution
with the specified σ.

shift in 208Tl spectrum, and the fit with a corresponding scale (instead of a shift) in the
208Tl spectrum. For every of this checks, the change in pep ν fitted rate is less than 1%:
in the first case (standard fit, 5 nhits shift), the pep ν rate is 2.98±0.65 cpd/100tons,
in the second case (no shift), the pep ν rate is 2.97±0.66 cpd/100tons, in the third case
(scale instead of shift) the pep ν rate is 2.99±0.66 cpd/100tons. Also the 208Tl fitted
rate is changed by less than 1% among the three checks.

5.10.3.5 Uncertainty from the fit configuration

The fit method and fit parameters configuration has been described in Sec. 5.9. To study
the stability of the fit under small variations in the configuration, and to evaluate the
corresponding systematics uncertainties in the neutrino interaction rates, we performed
a large number of fits, randomly changing the configuration parameters. We have
taken the rms of the pep ν rate distribution as the systematic uncertainty from the
fit configuration. For the case of the CNO νs rate, where we quote upper limits, we
have performed likelihood ratio tests under different fit configurations and from the
resulting distribution of the ∆χ2 obtained values for its mean and uncertainty (rms of
the distribution). From these we can then extract the systematic uncertainty in the
confidence limits. The range of allowed configuration parameters used to evaluate the
systematic uncertainty is listed in Table 5.17. The energy estimator (and corresponding
spectrum) used for the fit is included as one of the configuration parameters to vary. We
quote 5.7% as the systematic uncertainty in the pep ν rate due to the fit configuration.
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5.10.3.6 Uncertainty from the presence of γ-ray events in PS-BDT fit

In order to exclude from the PS-BDT distributions the 214Bi events in the test sample
that have some considerable contribution from γ-rays (Sec. 5.7.3), as well as most of
the external γ-ray background from the data, we have decreased the energy end point
of the PS-BDT fit to 700 npe. In this case, the resulting value for the pep ν rate in
the npe fit changes from 3.33± 0.57 to 3.42± 0.51 cpd/100tons, a 2.7% increase in the
central value.

5.10.3.7 Uncertainty from the limited statistics in reference PS-BDT dis-
tributions

The impact of the limited statistics in the reference PS-BDT distributions has been
determined by performing fits where the bin content of of the reference shapes was
randomly modified according to Poisson statistics. We have taken the rms of the pep ν
rate distribution as the systematic uncertainty from the fit configuration. The resulting
pep ν interaction rate follows a Gaussian distribution with σ/µ = 0.05. We quote 5% as
the systematic uncertainty in the pep ν rate due to the limited statistics in the reference
PS-BDT distributions.

5.10.3.8 Introduction of the independent 85Kr estimate in the fit

As discussed in Sec. 5.10.1, the 85Kr value returned by the fit is ∼ 2σ away from the
independent measurement obtained in the coincidence analysis [25]. It is possible to
include this information in the function to minimise in the fit. We have done this by
adding a Gaussian-approximated term to the total negative log-likelihood:

− lnLG =
(R−Ro)

2

2σ2
R0

(5.11)

where R is the rate in the fit and R0 and σR0 are the central value and standard
deviation of the independent constraint.

The resulting value for the pep ν rate in the npe fit is 3.46 ± 0.53 cpd/100tons, an
increase in the central value of 3.9%. As expected, the best fit value from 85Kr increases,
from 19.9± 1.8 cpd/100tons to 21.3± 1.8 cpd/100tons.

5.10.3.9 Uncertainty from 210Bi spectral shape

We have taken particular care in studying the uncertainty in the 210Bi spectrum, as it
could potentially have a large systematic effect in the pep ν and CNO νs interaction rate
results, as it offers a significant contribution to the count rate near the pep ν shoulder,
the region which is crucial for determining the neutrino rates. We have performed
different fits, using 210Bi spectral shapes with correction factors C(W ) obtained from
different experimental measurements [144, 145, 146, 147]. We quote as +1.0% −5.0%
the systematic uncertainty due to the 210Bi spectral shape.
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5.10.3.10 Uncertainty from the fixed solar ν species

The pp ν and 8B ν rate in the fit are fixed to the High-Z SSM prediction (see Sec. 5.9.2
and Table 5.7)[60]. In order to evaluate the correlation of pp ν and 8B ν rate with
the pep ν value in the fit, and in particular whether the result is stable under the
uncertainties of the SSM predicted flux for 8B ν, we have performed some fits to the
nhits spectrum with different fixed values of pp ν and 8B ν. The pp ν fixed rate has
been changed by ±2% (∼4-5 times the SSM uncertainty); this resulted in no change
at all in the pep fitted value. The 8B ν fixed rate has been changed by ±30% (∼3
times the SSM uncertainty); the pep ν rate fitted value changes by less than 1%, from
2.98± 0.65 cpd/100tons to 3.00± 0.65 cpd/100tons when the 8B ν rate is increased by
30%, and to 2.97 ± 0.66 when the 8B ν rate is decreased by 30%. These checks shows
the minimal impact that fixing pp ν and 8B ν rates has in the results. In particular,
floating the 8B ν flux to any SSM prediction or experimental measurement does not
change the result. Therefore, over reasonable ranges of parameter space, the result can
be taken to be uncorrelated to those inputs.

5.10.4 Consistency checks

This section describes some of the checks we performed in order to prove the consistency
and the stability of the analysis.

5.10.4.1 Exclusion of Period 8

In February 2010 the new Laben firmware was installed, which led to a 1–2% increase
in the nhits variable. No change in the npe spectrum was observed but the extra hits
may have an effect in the position reconstruction and Gatti parameter, which could
affect the data selection cuts (Sec. 5.5). In order to understand the impact of the new
firmware in our analysis, we have performed the fit to the data excluding Period 8,
which includes the data acquired after the new firmware was introduced and accounts
for ∼ 10% of the exposure (Table 5.6). In the case of the npe variable, the fitted pep
rate increases by 1% to 3.36±0.60 cpd/100tons, while for the nhits variable it increases
by 3.6%, from 2.98 ± 0.65 cpd/100tons to 3.09 ± 0.67 cpd/100tons. The ∆χ2 profile
and the limits for the CNO νs rate are very close to the one in Fig. 5.20. In both cases
the 210Bi rate is 8% lower and the 7Be ν rate decreases by 4% to 46 ± 2 cpd/100 tons.
This may be related to the high 7Be ν rate obtained from a fit to Period 8 in the 7Be ν
analysis [119].

5.10.4.2 Starting point at 7Be analysis value

For this analysis, we have chosen the starting point of the fit at 160 npe, which is
higher than that used in the 7Be ν analysis, based on the robustness of the fit under
small changes of this parameter. If we decrease the starting point to 140 npe (for the
7Be ν analysis the value was 145 npe), the fit returns an interaction rate for the 7Be ν
(0.862MeV) of 46.7 ± 1.6 cpd/100tons, much closer to the value obtained in the 7Be ν
analysis [25], and a value for the pep ν interaction rate of 3.20 ± 0.53 cpd/100tons, a
decrease of 3.9%.
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ν Interaction rate Solar-ν flux Data/SSM
[counts/(day·100ton)] [108cm−2s−1] ratio

pep 3.1± 0.6stat± 0.3syst 1.6± 0.3 1.1± 0.2
CNO < 7.9 (< 7.1stat only) < 7.7 < 1.5

Table 5.18: The best estimates for the pep and CNO solar neutrino interaction rates.
The statistical uncertainties are not Gaussian as can be seen in Fig. 5.19 and in Fig. 5.21
(right). For the results in the last two columns both statistical and systematic uncer-
tainties are considered. Total fluxes have been obtained assuming MSW-LMA and
using the scattering cross-sections from [2, 104, 148] and a scintillator e− density of
(3.307±0.003)×1029 ton−1. The last column gives the ratio between our measurement
and the High Metallicity (GS98) SSM [60].

5.10.4.3 Inclusion of uncertainties due to statistical α subtraction

As mentioned in Sec. 5.9.1, for the main result in this analysis, we have ignored the
uncertainty introduced by the statistical subtraction of α-like events (Sec 5.5.4). To
check that this indeed does not affect our result, we have performed a fit to the npe
spectrum with the negative log-likelihood term modified to a Gaussian approximation
(analogous to Eq. 5.11) for bins in which the uncertainty squared is greater than the
bin content i.e. the uncertainty is not the Poisson uncertainty. As the bins affected by
the procedure are those in the 210Po energy region, where the content of β-like events
is large, as they are below the end point of the electron recoil spectrum from 7Be ν
neutrinos, the Gaussian approximation should be good. The results are as expected,
the likelihood of the best fit decreases and the largest effect is in the uncertainties of
the 85Kr and 7Be ν neutrino rates, whose values change from 19.9± 1.8 cpd/100tons to
19.9±2.0 cpd/100tons and 48.3±1.7 cpd/100tons to 48.2±2.0 cpd/100tons, respectively.
The pep ν rate increases by 1%, from 3.33±0.57 cpd/100tons to 3.36±0.57 cpd/100tons.

5.10.5 The flux of pep and CNO solar neutrinos

Table 5.18 summarises the results for the pep and CNO neutrino interaction rates. The
absence of the solar neutrino signal is rejected at 99.97% C.L. using a likelihood ratio
test between the result when the pep and CNO neutrino interaction rates were fixed
to zero and the best-fit result, as discussed in Sec. 5.10.1. Likewise, the absence of a
pep neutrino signal is rejected at 98% C.L. Due to the similarity between the e− recoil
spectrum from CNO neutrinos and the spectral shape of 210Bi decay, whose rate is ∼10
times greater, we can only provide an upper limit on the CNO νs interaction rate. The
95% C.L. limit reported in Table 5.18 has been obtained from a likelihood ratio test
with the pep ν rate fixed to the SSM prediction [60] under the assumption of MSW-
LMA, (2.80±0.04) counts/(day·100ton), which leads to the strongest test of the solar
metallicity.

Table 5.18 also shows the solar neutrino fluxes inferred from our best estimates of the
pep and CNO neutrino interaction rates, assuming the MSW-LMA solution, and the
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Figure 5.25: Electron neutrino survival probability (Pee) as a function of energy. The
red line corresponds to the measurement presented in this PhD thesis. The pp and 7Be
measurements of Pee given in [25] are also shown. The 8B ν measurements of Pee were
obtained from [21, 24, 81], as indicated in the legend. The MSW-LMA prediction band
is the 1σ range of the mixing parameters given in [2].

ratio of these values to the High Metallicity (GS98) SSM predictions [60]. Both results
are consistent with the predicted High and Low Metallicity SSM fluxes assuming MSW-
LMA. Under the assumption of no neutrino flavor oscillations, we would expect a pep
neutrino interaction rate in Borexino of (4.47±0.05) counts/(day·100ton); the observed
interaction rate disfavours this hypothesis at 97% C.L. If this discrepancy is due to νe
oscillation to νµ or ντ we find Pee=0.62±0.17 at 1.44MeV. This result is shown alongside
other solar neutrino Pee measurements and the MSW-LMA prediction in Fig. 5.25.

5.11 Conclusions and outlook
We have achieved the necessary sensitivity to provide, for the first time, evidence of the
signal from pep neutrinos and to place the strongest constraint on the CNO neutrino
flux to date. This has been made possible by the combination of low levels of intrinsic
background in Borexino and the implementation of novel background discrimination
techniques. The result for the pep neutrino interaction rate does not yet have the suffi-
cient precision to disentangle between the Pee predictions of various oscillation models,
and the constraint on the CNO neutrino flux cannot yet discern between the High and
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Low Metallicity SSM. However, the success in the reduction of 11C background raises
the prospect for higher precision measurements of pep and CNO neutrino interaction
rates by Borexino after further running, especially if the next dominant background,
210Bi, is reduced by scintillator re-purification.





Chapter 6

Conclusions

The Borexino experiment has achieved the necessary sensitivity to provide, for the
first time, evidence of the rare signal from pep neutrinos and to place the strongest
constraint on the CNO neutrino flux to date. The absence of the pep and CNO solar
neutrino interaction is rejected at 99.97% C.L., likewise the absence of a pep neutrino
signal is rejected at 98% C.L. Due to the small statistics sample and the similarity
between the electron recoil spectrum of CNO solar neutrinos and the spectral shape of
the internal radioactive contaminant 210Bi whose rate is ∼ 10 times greater, only an
upper limit on the CNO interactions could be provided.

The rate of the pep solar neutrino interactions in Borexino is 3.1 ± 0.6 (stat) ±
0.3 (syst) counts/(day·100ton). Assuming the pep neutrino flux predicted by the So-
lar Standard Model, the constraint on the CNO solar neutrino interaction rate is 7.9
counts/(day·100ton) at 95% C.L. Assuming the MSW-LMA solution to solar neutrino
oscillations, these values correspond to solar neutrino fluxes of (1.6 ± 0.3) ×108 cm−2s−1

and 7.7 ×108 cm−2s−1, respectively, in agreement with both High and Low Metallic-
ity Standard Solar Models. These results represent the first direct evidence of the pep
neutrino signal and the strongest constraint of the CNO solar neutrino flux to date.

Under the assumption of no neutrino flavor oscillations, we would expect a pep neu-
trino interaction rate in Borexino of (4.47±0.05) counts/(day·100ton); the observed
interaction rate disfavours this hypothesis at 97% C.L. If this discrepancy is due to νe
oscillation to νµ or ντ we find Pee=0.62±0.17 at 1.44MeV.
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