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Introduction

Elementary particle physics and astrophysics have always been deeply connected
to each other. Many discoveries of the intimate structure of matter broadened our
understanding about the history of our Universe and the astrophysical objects it is
composed of. At the same time, the study of stars, galaxies and of the large scale
structure of the Universe provided us priceless clues to glean new properties of
fundamental particles.

Within this framework, the study of neutrinos is a typical case and plays a pri-
mary role. Neutrinos are weakly interacting particles with a very small mass, con-
stantly produced in processes involving radioactive decays.

The discovery of neutrino oscillations, the first experimental evidence that an
extension of the Standard Model is needed, has been obtained through the detec-
tion of neutrinos coming from the atmosphere and the Sun. On the other side, the
neutrino elusiveness make them attractive as regards astrophysics. Indeed, thanks
to their tiny cross-section, neutrinos travel the cosmos almost undisturbed, carrying
precious information on the astrophysical sources responsible for their production,
included our own Earth and Sun.

Our Sun supplies the largest known flux of neutrinos at the Earth’s surface.
Every second approximately a hundred billion solar neutrinos cross every square
centimeter on Earth. Solar neutrinos are produced in the fusion reactions occurring
in the core of the Sun and represent the only direct probe of the deep interior of our
nearest star. These nuclear reactions, which are responsible for the stellar energy
production, are divided into two distinct sequences: the proton-proton (pp) fusion
chain and the carbon-nitrogen-oxygen (CNO) cycle. The contribution from each
of these processes depends inter alia on the mass, temperature and age of the star.
Nowadays, in the Sun, the largest amount of the energy is produced by the pp-chain
(« 99 %), while the CNO cycle accounts for the remaining contribution (« 1 %).

From the Seventies, solar neutrino experiments have proved to be sensitive to
test both astrophysical and elementary particle physics models. Large detectors,
typically hundreds or thousands of tons of active masses, are necessary to observe
solar neutrinos. These detectors must be placed deep underground to avoid back-
ground interactions of cosmic rays that mimic the rare neutrino-induced events.

So far, solar neutrino experiments succeeded in detecting all types of neutrinos
produced in the pp-chain (except for the very rare hep neutrinos) and only recently
even those from the CNO cycle. Nonetheless, many open questions still exist. The
so-called solar metallicity problem, which addresses the tension related to the abun-
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dance of metals in the core of Sun, represents an intriguing puzzle. Since the CNO
cycle is catalyzed by elements heavier than helium, the corresponding neutrino
flux is very sensitive to the chemical composition of the Sun’s interior. Therefore,
an accurate measurement of it would be helpful in shedding some light about this
topic. Furthermore, up to now, only the sum of the fluxes of neutrinos produced
in the CNO cycle has been measured. Nevertheless, assessing the single neutrino
contributions would be groundbreaking for the evaluation of the nitrogen and oxy-
gen amounts in the core of the Sun.

In the current astroparticle physics landascape, JUNO is an excellent candi-
date to address these questions. The Jiangmen Underground Neutrino Observa-
tory (JUNO) is a multi-kton liquid scintillator detector under construction in China,
which will be completed in 2023. Thanks to its large active mass and its unprece-
dented energy resolution, JUNO will have a unique potential to perform a real-time
solar neutrinos spectroscopy.

My thesis work has been carried out within the JUNO collaboration, spend-
ing a six months traineeship period at Forschungzentrum Jülich (Germany) as an
Erasmus+ student. This thesis is devoted to sensitivity studies to the so-called in-
termediate energy solar neutrinos (7Be-ν, pep-ν and CNO-ν) fluxes.
The thesis layout is the following:

• Chapter 1: review of the main features of neutrino physics, focusing on solar
neutrinos and on solar neutrino experiments.

• Chapter 2: summary of JUNO detector design and description of its experi-
mental physics goals.

• Chapter 3: sketch of the solar neutrinos detection in JUNO and report of the
possible background levels scenarios.

• Chapter 4: detailed portrait about the strategy of the analysis I have per-
formed.

• Chapter 5: description of the validation procedure I have carried out between
MUST and JUST, the two software tools developed for solar neutrino analysis.

• Chapter 6: presentation of my studies on the 7Be-ν, pep-ν and CNO-ν fluxes
sensitivity, with a focus on the impact of possible background levels.

• Appendix A: detailed description of JUST, a software tool for the solar neu-
trino analysis I have contributed to develop during the time I spent in Jülich.

ii



CHAPTER 1

Neutrino Physics

1.1 Neutrinos in the Standard Model

The original idea of including a neutral and low-mass elementary particle - the neu-
trino - comes from a letter of W. Pauli during a physics conference at Tübingen in
1930. The introduction of this new particle could solve some anomalies observed
in the studies of the continuous β spectrum of the neutron decay [1].

Neutrinos played a crucial role in the first theory of nuclear β decay proposed
by E. Fermi in 1934 [2], who also suggested the term neutrino after the discovery of
the neutron by J. Chadwick [3]. According to his theory, β decays were described
as point-like interactions between four particles: a proton, a neutron, an electron
and a neutrino.

From the second half of the XX century, neutrinos have been included in the
Standard Model (SM) of particle physics, our current best understanding of how
elementary particles and three of the fundamental interactions (strong, electromag-
netic and weak) are related to each other. The Standard Model is a gauge theory
based on the gauge group:

SUp3qC ˆ SUp2qL ˆ Up1qY (1.1)

where SUp3qC is the group underlying the Quantum Chromodynamics (QCD)
theory, describing the strong interactions, while SUp2qL ˆ Up1qY is the one being
the basis of the Glashow-Weinberg-Salam theory of electroweak interactions. Since
the weak interactions only involve the left-handed quantum fields, the Standard
Model is a chiral theory.

In the Standard Model particles are firstly classified according to their spin:
fermions, spin-1/2 particles, which are the fundamental components of ordinary
matter, and bosons, spin-1 particles, called force carriers since they mediate the in-
teractions.
A further classification divides the fermions into two categories: six quarks (up,
down, charm, strange, top, bottom) and six leptons (electron, muon, tau and their
respective neutrinos). In contrast to leptons which are only affected by the elec-
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1.1. Neutrinos in the Standard Model

troweak sector, quarks have in addition a color charge, so that they are involved
also in the strong interactions. Concerning bosons, the strong interactions are me-
diated by eight massless gluons, the weak interactions by three massive bosons
(W` and W´ in charged current (CC) interactions and Z0 in neutral current (NC) in-
teractions) and the electromagnetic interactions by one massless photon.
The Higgs boson plays a special role. It is responsible for the bosons mass gen-
eration: without it, all the bosons would be massless. Also the fermions take ad-
vantage of the Higgs field to acquire mass thanks to the Yukawa mechanism. A
summary of the Standard Model of particle physics is depicted in Fig. 1.1.

Figure 1.1: The Standard Model particles and their properties.

In this theoretical picture neutrinos are neutral and massless particles, included
with their three flavors representations (νe, νµ, ντ and their corresponding antipar-
ticles). The flavor of a neutrino is defined as the one of the charged lepton it couples
with in a CC interaction (e, µ, τ)
Neutrinos interact only through the weak interaction, via the exchange of the W
and Z bosons. The lagrangian of the CC term has the form:

LCC “ ´
g

2
?

2

ÿ

ℓ“e,µ,τ

νℓγ
µp1 ´ γ5qℓWµ ` h.c. (1.2)

where g is the constant determining the strength of the coupling, γµ are the
4 ˆ 4 Dirac matrices, γ5 is the product of the four γµ and the Wµ fields represent
the charged massive bosons. This interaction transforms the charged leptons ℓ into
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CHAPTER 1. NEUTRINO PHYSICS

neutrinos of the same flavor νℓ and vice versa.
Concerning the NC term, the lagrangian is expressed as follow:

LNC “ ´
g

4 cos θW

ÿ

ℓ“e,µ,τ

tνℓγ
µp1 ´ γ5qνℓ´p1 ´ 2 sin2 θWqℓγµp1 ´ γ5qℓ`

` 2 sin2 θWℓγµp1 ` γ5qℓuZµ ` h.c.
(1.3)

where θW is the weak mixing angle and Zµ the fields associated to the neutral
charged boson. These two kind of processes - CC and NC - are schematically re-
ported in terms of Feynman diagrams in Fig. 1.2

Figure 1.2: Feynman diagrams for νℓ neutrino interactions with a generic lepton ℓ. Left:
charged current (CC) interactions. Right: neutral current (NC) interactions.

Despite SM is a self-consistent theoretical framework describing many physi-
cal phenomena experimentally confirmed through the years, it is far from being
complete and satisfying by itself. For example, every attempt to include the grav-
itational interaction, as described by general relativity, has failed as well as the
prediction of any cold dark matter candidate. Furthermore, the introduction of a
non-zero neutrino mass, crucial if neutrinos do oscillate, requires an extension of
the SM.

1.2 Neutrino oscillation

By neutrino oscillation we mean the quantum mechanical phenomenon in which a
neutrino created with a specific lepton flavor can be later measured with a different
flavor. Neutrinos are only produced in weak interactions, namely in a flavor eigen-
state and they have a nonzero probability to be found with a different flavor after
traveling for a certain distance.

This mechanism was first suggested by B. Pontecorvo in 1957 [4] and takes place
only if neutrinos have different masses. Its experimental confirmation is relatively
recent (see Section 1.6) and its description needs an extension of the SM due to the
non-zero neutrino mass.

If neutrinos are massive, the states of definite flavor (νe, νµ, ντ) may not coin-
cide with states of definite mass (ν1, ν2, ν3). The produced neutrino is therefore a
superposition of different mass eigenstates: as the neutrino beam propagates, its
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1.2. Neutrino oscillation

components evolves in flight as free quantum states independently and differently
from each other. By doing so, the probability of finding different flavor eigenstates
in the same beam varies with distance.

In the following the expression of the oscillation probability [5] will be given
firstly in the most general scenario and then in the specific case of the JUNO ex-
periment. Finally, the relation for the two flavors neutrino approximation will be
reported.
Let |ναy with α “ e, µ, τ be the flavor eigenstate, while |νiy with i “ 1, 2, 3 the mass
eigenstate. We have:

|ναy “

3
ÿ

i“1

Uαi |νiy (1.4)

where U is a 3 ˆ 3 unitary matrix, analogous to the CKM matrix that describes
the mixing between quarks. It is called neutrino mixing matrix or Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix and it can be parametrized by combining three
rotation matrixes and including a complex phase with a total of four independent
parameters. A fourth matrix containing another two complex phases is added in
order to taking into consideration our ignorance about Dirac or Majorana nature of
neutrinos. Thus, the PMNS matrix is:

U “

¨

˝

1 0 0
0 c23 s23

0 ´s23 c23

˛

‚¨

¨

˝

c13 0 s13e´iδCP

0 1 0
´s13eiδCP 0 c13

˛

‚¨

¨

˝

c12 s12 0
´s12 c12 0

0 0 1

˛

‚

¨

¨

˝

eiη1 0 0
0 eiη2 0
0 0 1

˛

‚

(1.5)

where cij “ cos θij and sij “ sin θij. The matrix U has a total of six independent
parameters: θ12, θ13 and θ23 are the three mixing angles; δCP is the CP-violation
phase which accounts for a possible violation of the CP symmetry by the weak
interaction in the lepton sector; η1 and η2 are the two Majorana phases which have
physical meaning only if the neutrino is a Majorana particle1 and play no role in
neutrino oscillations. By doing the product, U takes the following form:

U “

¨

˝

c12c13 s12c13 s13e´iδCP

´s12c23 ´ c12s23s13eiδCP c12c23 ´ s12s23s13eiδCP s23c13

s12s23 ´ c12c23s13eiδCP ´c12s23 ´ s12c23s13eiδCP c23s13

˛

‚ (1.6)

In the case of Dirac neutrinos, the matrix U is unitary, hence satisfies the re-
quirements:

1A fermion is a Majorana particle if it coincides with its own antiparticle.
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CHAPTER 1. NEUTRINO PHYSICS

U:U “ 1 or U: “ U´1 “ pU˚qT (1.7)

We can write the flavor α of a neutrino produced at the source x0 “ px, tq “ p0, 0q

as a linear combination of the mass eigenstates:

|ναp0qy “
ÿ

k

Uαk |νkp0qy (1.8)

where U is the unitary mixing matrix expressed in equation 1.6.
The mass eigenstates propagate according to the “free-particle” Schrödinger equa-
tion:

i
B

Bt
|νkpxqy “ ´

1
2mk

B2

Bx2 |νkpxqy (1.9)

The solution of this equation is a plane-wave function:

|νkpxqy “ e´ipEkt´pk¨xq |νkp0qy “ e´iϕk |νkp0qy (1.10)

where we define the phase ϕk as ϕk “ pkx, with pk “ pEk, pkq the 4th-momentum
of the neutrino mass state νk and x “ pt, xq the spacetime 4th-vector.

The temporal evolution of the initial state with flavor α is given by:

|ναpxqy “
ÿ

k

Uαk |νkpxqy “
ÿ

k

Uαke´iϕk |νkp0qy (1.11)

By inverting equation 1.8, we obtain the mass eigenstates as a linear combina-
tion of the flavor eigenstates:

|νkp0qy “
ÿ

α

U˚
αk |ναp0qy (1.12)

By using equation 1.12, we can rewrite equation 1.11 by expressing the flavor
state α at a spacetime point x in terms of the flavor eigenstates at the source:

|ναpxqy “
ÿ

γ

ÿ

k

Uαke´iϕk U˚
γk

ˇ

ˇνγp0q
D

(1.13)

We can finally write the transition amplitude A for the detection of a neutrino of
flavor β at a distance L from the source, where a neutrino of flavor α was originally
produced:

Apναp0q Ñ νβpLqq “
@

νβpLq
ˇ

ˇ ναp0q
D

“
ÿ

γ

ÿ

k

U˚
βkeiϕk Uγk

@

νγp0q
ˇ

ˇ ναp0q
D

“
ÿ

k

U˚
βkeiϕk Uαk

(1.14)
where we used the orthogonality of the flavor states

@

νγp0q
ˇ

ˇ ναp0q
D

“ δγα, where
δγα is the Kronecker delta function, and the fact that the neutrinos can be considered
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1.2. Neutrino oscillation

as very relativistic particles, so that t » L, assuming from now on h̄ “ c “ 1.
The oscillation probability is given by:

Ppνα Ñ νβq “ |Apναp0q Ñ νβpLqq|2 “

ˇ

ˇ

ˇ

ˇ

3
ÿ

k“1

U˚
βkeiϕk Uαk

ˇ

ˇ

ˇ

ˇ

2

(1.15)

Since neutrinos are relativistic particles, we can make the approximation Ek, pk "

mk so that the energy can be rewritten as:

Ek “

b

p2
k ` m2

k “ pk

d

1 `
m2

k
p2

k
« pk

ˆ

1 `
m2

k
2p2

k

̇

« pk `
m2

k
2Ek

(1.16)

Now we can rewrite the phase ϕk by using eq. 1.16 and assuming t » x » L:

ϕk “ Ekt ´ pkx « pkL `
m2

k
2Ek

L ´ pkL “
m2

k
2Ek

L (1.17)

Taking advantage of the complex relation |z1 ` z2 ` z3|2 “ |z1|2 ` |z2|2 ` |z3|2 `

2ℜpz1z˚
2 ` z1z˚

3 ` z2z˚
3 q and using eq. 1.17, we can manipulate eq. 1.15 to obtain

the general expression of the oscillation probability for a neutrino of flavor α to be
detected as a neutrino of flavor β after traveling a distance L:

Ppνα Ñ νβq “ δαβ ´ 4
ÿ

kąj

ℜpU˚
αkUβkUαjU˚

βjq sin2p∆kjq ` 2
ÿ

kąj

ℑpU˚
αkUβkUαjU˚

βjq sinp2∆kjq

(1.18)
where the argument of the trigonometric functions is:

∆kj “ ∆m2
kj

L
4E

“ 1.27∆m2
kj

L[m]
E[MeV]

for k ą j (1.19)

The probability in eq. 1.18 depends on the mass-squared differences ∆m2
kj “

m2
k ´ m2

j , with k ą j, which drive the oscillatory terms, the mixing angles θjk, hid-
den in the matrix elements, responsible for the amplitude of the oscillations, the
phase δCP and the ratio L{E between the propagation distance (called baseline) and
the neutrino energy. While the latter is determined by the experimental setup, the
other parameters require an experimental measurement.

Experiments about neutrino oscillations can be divided into two categories: ap-
pearance and disappearance experiments. The former study the appearance of neu-
trinos of flavor β starting from a beam of α flavor neutrinos, thus measuring the
probability in eq. 1.18 with β ‰ α. On the other hand, the latter, starting with a
beam of α flavor neutrinos, study how many of them disappeared after traveling
a distance L. Therefore, the disappearance experiments measure the probability in
eq. 1.18 with α “ β, i.e. Ppνα Ñ ναq, also called survival probability.

According to this classification, JUNO is a disappearance experiment: as I will

6



CHAPTER 1. NEUTRINO PHYSICS

describe more in detail in Chapter 2, the JUNO main goal is the spectroscopy of
electron antineutrinos produced in nuclear reactors. Since we are interested in neu-
trinos of electronic flavor, α “ β “ e, starting from eq. 1.18, we obtain:

Ppνe Ñ νeq “ 1 ´ cos4pθ13q sin2p2θ12q sin2p∆21q

´ cos2pθ12q sin2p2θ13q sin2p∆32q

´ sin2pθ12q sin2p2θ13q sin2p∆32q

(1.20)

where ∆kj are defined in eq. 1.19.

Finally, assuming the CPT invariance, we have Ppνe Ñ νeq “ Ppνe Ñ νeq: so
eq. 1.20 represents the survival probability for an electron antineutrino to be de-
tected as an electron antineutrino at a distance L from the source. This formula is
valid in disappearance experiments, like the JUNO experiment.

For convenience, we also report here a useful simplification concerning the cal-
culation of the oscillation probability, called two-neutrino scheme. In fact, for a given
L{E regime range, we can safely assume that the experimental setup is sensitive
only to a sub-section of the U matrix only. According to this approximation, only
two massive neutrinos and two flavor eigenstates can be considered. Thus, the
mixing matrix U can be reduced to a 2 ˆ 2 matrix, depending only on one free
parameter, the mixing angle θ:

U2ν “

ˆ

cos θ ´ sin θ

sin θ cos θ

̇

(1.21)

The flavor transition probability is simply calculated as:

P2νpνα Ñ νβq “ sin2p2θq sin2
ˆ

∆m2 L
4E

̇

(1.22)

where ∆m2 “ m2
β ´ m2

α.

Currently, the value of the three mixing angles and the two square-mass dif-
ferences have been measured with reasonable precision (see Table 1.1). Only two
out of the three ∆m2

kj are measured because only two of them are independent: in
fact, they have to satisfy the relation ∆m2

21 ` ∆m2
32 ` ∆m2

13 “ 0. From experiments
studying neutrino oscillations, we know that ∆m2

21 ą 0, while the sign of ∆m2
32{31 is

still unknown. Consequently, there are two possible orderings for the spectrum of
neutrino masses, shown in Fig. 1.3: normal ordering (NO) where m1 ă m2 ă m3 and
inverted ordering (IO) where m3 ă m1 ă m2. The determination of the correct MO is
one of the current open issues in neutrino physics.

7



1.2. Neutrino oscillation

Figure 1.3: Illustration of mass spectra compatible with the data from neutrino oscilla-
tions. Left: normal hierarchy. Right: inverted hierarchy. The length of the colored bars
is proportional to the flavor content of each mass state [6].

Parameter Normal Ordering Inverted Ordering

sin2 θ12 p3.10`0.13
´0.12q ¨ 10´1

sin2 θ23 p5.58`0.20
´0.33q ¨ 10´1 p5.63`0.19

´0.26q ¨ 10´1

sin2 θ13 p2.241`0.066
´0.065q ¨ 10´2 p2.261`0.067

´0.064q ¨ 10´2

∆m2
21 reV2s p7.39`0.21

´0.20q ¨ 10´5

∆m2
32 reV2s p2.449`0.032

´0.030q ¨ 10´3 p´2.509`0.032
´0.032q ¨ 10´3

Table 1.1: This table summarizes the best-fit values of neutrino oscillation parameters.
The results are taken from a global analysis of neutrino data, w/o SK-ATM [7]. Results
are given both assuming normal and inverted ordering.

1.2.1 The matter effect

Until now, we have considered only neutrino oscillations in the vacuum. The os-
cillation probability change if neutrinos travel through matter and they interact
differently according to their flavor eigenstate. This phenomenon is called matter
effect and it depends on the energy of the traveling neutrino and the electron den-
sity of the traversed matter. When neutrinos travel through a dense medium (e.g.
in the Sun or in the Earth), their propagation can be significantly modified by the
coherent forward scattering by particles they encounter along the way. The matter
effect stems from the fact that electron neutrinos (and antineutrinos) have different
interactions with matter compared to other neutrinos flavors. In particular, νe can
have both charged and neutral current elastic scattering with electrons, while νµ

and ντ have only neutral current interactions with electrons.
In 1985, Mikheyev and Smirnov found out a very relevant feature of oscillation

in matter: under particular conditions, the matter effect can lead to a resonant fla-
vor transition. This mechanism is known as Mikheyev-Smirnov-Wolfenstein (MSW)

8



CHAPTER 1. NEUTRINO PHYSICS

effect and it is crucial to explain the solar neutrino flavor oscillation [8].
We will now describe the matter effect in the framework of oscillations between

two families. The net effect of matter is the introduction of an extra-potential energy
term for electron neutrinos:

Ve “ ˘
?

2GF Ne (1.23)

where GF is the Fermi constant, Ne the matter electron density and the positive
(negative) sign applies to electron neutrinos (antineutrinos).
Therefore, the effective hamiltonian Heff, which drives the neutrinos interaction in
matter, is given by:

Heff “ Hvac ` Hmat (1.24)

where

Hvac “
∆m2

4E

ˆ

´ cos 2θ sin 2θ

sin 2θ cos 2θ

̇

(1.25)

and

Hmat “

ˆ

Ve 0
0 0

̇

(1.26)

We can subtract from eq. 1.24 the following term:

ˆ

Ve{2 0
0 Ve{2

̇

(1.27)

Therefore we obtain:

Heff “
∆m2

4E

ˆ

´2 cos 2θ ` A sin 2θ

sin 2θ cos 2θ ´ A

̇

(1.28)

being E the neutrino energy and

A “ ˘
2
?

2GF NeE
∆m2 (1.29)

If the matter density is constant, we diagonalise again Heff to obtain the mixing
matrix and the mass eigenstates in matter. By denoting with θm the effective mixing
angle in matter and with ∆m2

m the effective difference of squared masses, we can
write the effective hamiltonian using the same form as the vacuum one:

Heff “
∆m2

m
4E

ˆ

´ cos 2θm sin 2θm

sin 2θm cos 2θm

̇

(1.30)

which leads to the usual analytical dependence of the oscillation probability:

9



1.3. Neutrino sources

P2ν
m pνα Ñ νβq “ sin2p2θmq sin2

ˆ

∆m2
m

L
4E

̇

(1.31)

By equaling eq. 1.28 and eq. 1.30, we can derive the expression for the effective
mixing parameters in matter:

∆m2
m “ ∆m2

b

pcos 2θ ´ Aq2 ` sin2 2θ sin 2θm “
sin 2θ

b

pcos 2θ ´ Aq2 ` sin2 2θ

(1.32)
These formulas highlight the following important consequences of the matter

effect:

• If sin 2θ “ 0 then sin 2θm “ 0, regardless of the potential. In order to have
oscillations in matter, it is necessary to have the possibility of vacuum oscilla-
tions.

• If the matter is extremely dense, i.e. NE Ñ 8, then sin 2θm “ 0: in very dense
matter, oscillations cannot occur via matter effects.

• Under the resonant condition cos 2θ “ A, oscillations can be significantly
enhanced, no matter what the value of θ is.

• The resonant condition occurs if A ą 0, which in turn depends on the sign of
∆m2. This dependence can be used to determine the neutrino mass hierarchy.

• Oscillation probabilities for neutrino and antineutrino can be different due to
matter effects. Therefore this effect introduces an asymmetry between neu-
trinos and antineutrinos, called fake CP violation, simply due to the different
interactions between ν and ν with matter, that is composed by particles and
not by antiparticles.

1.3 Neutrino sources

In our universe many different processes, both natural and anthropic, can lead to
neutrinos production. Fig. 1.4 shows the neutrino fluxes from different sources as
a function of their energy.

We can classify (anti-)neutrinos according to their production source. In order
of growing energy there are:

• Cosmological or relic neutrinos (µeV - meV): also known as Cosmic Neutrino
Background (CNB), they represent the 1.9 K neutrino counterpart to the 2.7
K cosmic microwave background (CMB). While the latter disentangled from
matter when the universe was about 379 000 years old, the CNB decoupled
only 1 second after the Big Bang. Despite relic neutrinos represent the most

10
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Figure 1.4: Neutrino and antineutrino fluxes from different sources as a function of
their energy, in log-log scale [9].

abundant neutrino source, their extremely low energy makes them very dif-
ficult to detect. Due to it, they have not been measured so far, even if some
proof of principles are going to catch on, like the PTOLEMY project [10].

• Solar neutrinos (hundreds keV - MeV): stars are an important source of neu-
trinos. The nuclear reactions that take place in their core involve weak reac-
tions which produce a large amount of neutrinos. In particular, neutrinos
coming from the Sun offer a great opportunity to directly test the theory of
stellar evolution and of nuclear energy generation. Since the goal of this the-
sis is precisely represented by solar neutrinos, I will describe them more in
detail in the next sections.

• Geo-neutrinos (MeV): they are electron antineutrinos (νe) produced in β de-
cays of long-lived isotopes, which are naturally present in the interior of the
Earth. Most of them originate from the β decays of 40K and of isotopes of the
238U and 232Th chains.

• Reactor neutrinos (MeV): nuclear reactors are the major human-generated
antineutrino source. Antineutrinos are emitted in the β decays of neutron-
rich daughter fragments in the fission processes from the 235U, 239Pu and
241Pu chains [11, 12]. The produced neutrino flux covers the energy between
1 MeV and 10 MeV. On average, every fission cycle produces about 200 MeV
of energy, of which roughly 4.5% is radiated away as antineutrinos. Hence, 1
GW thermal power corresponds to „ 2 ¨ 1020 νe{s.

It was through reactors that neutrinos were detected for the first time in 1956,
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in the experiment designed by Cowan and Reines [13]. It exploited the in-
verse β decay reaction:

νe ` p Ñ n ` e` (1.33)

Antineutrinos interact with protons of the water and gadolinium tank used
as detector: the products are neutrons and positrons. After „ 10 µs from
its emission, the neutron is captured by the gadolinium with the consequent
production of a photon; the positron immediately annihilates with an elec-
tron, creating simultaneously two photons (eq. 1.34). Thanks to this double-
signature, the background rejection is extremely powerful and allows a clear
signal identification.

n ` Gd Ñ γ e` ` e´ Ñ γ ` γ (1.34)

• Supernova neutrinos (MeV): a supernova is a rare astronomical event occur-
ring during the last stellar evolutionary stages of a massive star life. Neutri-
nos are also an important product of Type Ib, Ic and II supernovae. When
the nuclear reactions become insufficient to balance gravity, the stellar core
collapses until matter density becomes extremely high (« 1011 ´ 1015 g/cm3).
Also the cross section of electron capture of protons increases, leading to the
production of a huge number of neutrons and electronic neutrinos. Further-
more, many neutrinos-antineutrinos pairs of all flavors are emitted by the
residual neutron core. In fact, it dissipates its thermal energy (1051 ´ 1053 erg)
in about 10 seconds: „ 99% of it is emitted as a burst of neutrinos and the
remaining „ 1% as photons.

• Atmospheric neutrinos (GeV): they originate from the interaction of the cos-
mic ray flux with the Earth atmosphere. The collision between cosmic ray
particles ´ mainly composed of protons and iron nuclei ´ and air molecules
generates a cascade of secondary hadrons: kaons and especially pions. The
dominant neutrino production mechanism is:

π` Ñ νµ ` µ` µ` Ñ νµ ` e` ` νe (1.35)

and the energy of atmospheric neutrinos lies between 1 GeV and 100 GeV.

• Accelerator neutrinos (GeV): neutrinos produced in accelerators are typi-
cally muon neutrinos and/or antineutrinos. To create the beam, it’s common
to start with protons, which are then accelerated close to the speed of light be-
fore they are smashed into a target, often made of beryllium or graphite. The
collision creates new particles, kaons and pions. Particles of correct charge
are selected and focused into a decay pipe where they decay into muons and
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muon neutrinos. After the decay pipe, an absorber removes the residual de-
cay products while neutrinos proceed towards the detector. Neutrino beams
can be used for two different kinds of experiments, distinguished by how far
away the detectors are from where the neutrinos are created: short-baseline
and long-baseline experiments. The different baseline allows them to investi-
gate various range of neutrino oscillation parameters.

• Galactic and extra-galactic high energy neutrinos (ą TeV): the highest en-
ergy neutrinos (in the energy range above 1 TeV) come from sources like su-
pernova remnants, Gamma Ray Bursts, Active Galactic Nuclei or from inter-
actions of ultra-energetic protons with the CMB. Their observation can pro-
vide insight into the long-standing problem of the origin and acceleration
mechanisms of high-energy cosmic rays.

1.4 The Standard Solar Model

In this Section, I will briefly summarize the main concepts behind the formulation
of the Standard Solar Model (SSM), necessary to better understand the solar neu-
trino production mechanisms. For more details see Ref. [14, 15, 16, 17, 18, 19].

This model is based on a set of equations, describing the stellar evolution and
qualitatively summarised below:

• Mass conservation: the Sun is predicted to lose only „ 0.01% of its initial mass
during its expected main-sequence lifetime („ 1010 y).

• Energy conservation: we can assume the conservation of energy between the
energy released in the nuclear reactions, taking place in the core of the Sun,
and the energy contributions used for the star expansion or contraction.

• Hydrostatic equilibrium: every layer of the star maintains a balance between the
gravitational force and the pressure gradient resulting from nuclear fusion.

• Energy transport: in the innermost core of the Sun, energy is transported by
radiation, while in the outermost regions by convection.

• Solar composition: initially the elements of the Sun were distributed homoge-
neously. Then, changes of elements abundance have occurred as a result of
nuclear fusion reactions. Equivalence between solar core primordial abun-
dances and contemporary surface abundances is assumed.

In addition, a set of experimentally measured boundary conditions are set: Sun
current mass, age, radius and luminosity as well as the initial elemental abundances
(the metallicity, see Section 1.4.1) and the nuclear reactions parameters. All these
conditions are continuously updated to take into account the latest results of ex-
perimental observations.
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By solving these equations with the appropriate boundary conditions, a dynamic
model following the Sun evolution is given as output. Among the other quan-
tities, the energy spectrum and fluxes of all the emitted neutrinos are given (see
Section 1.5.3).

1.4.1 The Solar Metallicity Problem

The metallicity of the Sun, i.e. the abundance of elements heavier than He, is one
of the most crucial parameters given in input to the SSM and it is inferred from the
solar photospheric spectrum.

Historically, the adopted solar abundance was the one from the so-called high
metallicity or HZ scenario, where the ratio between heavy elements and hydrogen
abundance was Z{X “ 0.023 (B16-GS98, [20]). Nevertheless, starting from 2001,
new measurements of the elemental abundance of the Sun’s surface suggested to
reduce the amount of heavier elements, leading to a ratio of metal abundance equal
to Z{X “ 0.0165 (B16-AGSS09, [21]). This latter case is referred to the low metallicity
or LZ scenario and it is about 33% lower than the previous case. As depicted in Sec-
tion 1.5.3, by varying the input abundances the predictions of the neutrino fluxes
change and their relevance depends on the neutrino source inside the Sun.

However, the so-called solar metallicity problem is due to the fact that, unfor-
tunately, the LZ-SSM produces results in disagreement with helioseismology, the
study of the propagation of acoustic pressure waves through the Sun. On the other
hand, the Sun internal structure predicted by high metallicity models is in excep-
tional agreement with the helioseismology measurements.

Solar neutrinos are a priceless source of information helping us to relax this
tension. In fact, the predicted solar neutrino fluxes depend on the metallicity input
(see Section 1.5.3), especially for neutrinos from the CNO cycle reactions (see Sec-
tion 1.5.2), for which the difference between the HZ and the LZ scenario is « 28%,
but also for 7Be (« 9%) and 8B (« 18%) neutrinos (see Section 1.5.1).

1.5 Processes powering the Sun

The Sun produces « 3.8 ¨ 1026 W of luminosity thanks to two main branches of nu-
clear reactions taking place in its core [22]: the pp chain, which contributes for the
« 99% of its luminosity, and the CNO cycle, that involves carbon, nitrogen and
oxygen and it is secondary in the Sun, providing only « 1% of solar luminosity.
The CNO cycle is more important in the energy balance of stars more massive ´

and so with a higher core temperature ´ than the Sun (M ą 1.5Md). In fact, pp
chain reactions start at temperatures around 4 ¨ 106 K, while the CNO cycle needs
higher temperatures. The physical reason behind this is that the Coulomb barrier
for proton reactions with carbon and nitrogen is 6-7 times higher than for proton-
proton reactions; therefore, the CNO cycle can only occur at relatively high temper-

14



CHAPTER 1. NEUTRINO PHYSICS

atures, when additional thermal energy can increase the probability to penetrate
the Coulomb barrier. The CNO cycle starts at approximately 1.5 ¨ 107 K. Figure 1.5
shows the star luminosity in log scale as a function of the star core temperature. It
is evident the supremacy of the pp chain for stars having a core temperature similar
to the Sun one.

Figure 1.5: The star luminosity in log scale as a function of the core temperature for the
pp chain (solid line) and the CNO cycle (dashed line) [23]. Luminosity is normalized
to the pp chain energy production in the Sun central core Ld. The black dot refers to
the Sun core: the predominance of pp chain with respect to CNO cycle is clear. The
critical temperature equalizing the two mechanisms is « 1.8 ¨ 107 K.

The two mechanisms mentioned above share the net process, consisting in the
conversion of four protons into a 4He atom:

4p Ñ4 He ` 2e` ` 2νe ` 26.731 MeV (1.36)

where two electron neutrinos are emitted. A sketch of these two mechanisms is
given in Fig. 1.6, where the highlighted boxes contain the reactions in which solar
neutrinos are emitted.

As better discussed in Sec. 1.5.1 and Sec. 1.5.2, electron neutrinos are produced
in eight of the reactions occurring in the Sun (five in the pp chain and three in the
CNO cycle). Solar neutrinos overall energy spectrum lies in the 0 MeV ă Eν ă

18.8 MeV range, depending on the involved nuclear reactions.
The very low neutrino cross section makes solar neutrinos an ideal tool to in-

vestigate the interior of the Sun. Considering a typical stellar density core of about
100 g/cm3 and an average cross section of about xσy „ 10´43 cm2 at energy of 1
MeV, the νe mean free path is of the order of 1017 cm, which is much larger than the
radius of the Sun. Thus, neutrinos are able to go through the solar matter almost
undisturbed, reaching the Earth surface after eight minutes from their production
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Figure 1.6: Scheme of the reactions from the pp chain (left) and CNO cycle (right).

in the solar core.

1.5.1 pp chain

The steps of the pp chain are schematically depicted in the left panel of Fig. 1.6.
The first step of the pp chain is one of the following reactions, with the respective
neutrinos’ energies and branching ratios reported:

pp : p ` p Ñ 2He ` e` ` νe Q “ 0.42 MeV B.R. “ 99.77% (1.37a)

pep : p ` e´ ` p Ñ 2He ` νe Q “ 1.44 MeV B.R. “ 0.23% (1.37b)

The first step of the chain, being mediated by the weak force, is the slowest one
of the process and it takes « 1.4 ¨ 1010 y. The pp process is dominant and occurs
99.77% of times. pp neutrinos energy spectrum is continuum with an endpoint at
about 0.42 MeV. On the other hand, the pep process, which gives birth to the 1.44
MeV monoenergetic pep neutrinos, is disfavored.
Regardless of the method by which the deuterium nucleus is formed, this will
quickly capture a free proton:

2He ` p Ñ 3He ` γ Q “ 5.494 MeV (1.38)

This process, mediated by the strong force, is extremely fast (« 6 s) if compared
to the pp reaction. From now on, there are three possible paths to generate 4He:
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• The most frequent branch, called pp-I, involves the fusion of two 3He:

pp-I : 3He ` 3He Ñ 4He ` 2p ` γ Q “ 12.86 MeV B.R. “ 84.92%
(1.39)

• Another possibility is for a 3He to find a 4He produced by pp-I or hep (see
later) branches:

3He ` 4He Ñ 7Be ` γ Q “ 1.59 MeV B.R. “ 15% (1.40)

In this case, the production of 7Be can be followed either by (99.9% of cases):

pp-II :7Be ` e´ Ñ 7Li ` νe Q “ 0.862 MeV „ 90% of cases (1.41a)
7Be ` e´ Ñ 7Li ` νe Q “ 0.383 MeV „ 10% of cases (1.41b)
7Li ` p Ñ 4He ` 4He Q “ 17.34 MeV (1.41c)

or by the process (0.1% of cases):

pp-III :7Be ` p Ñ 8B ` γ Q “ 0.14 MeV (1.42a)
8B Ñ 8Be ` e` ` νe Q “ 15 MeV (1.42b)
8Be Ñ 4He ` 4He Q “ 0.14 MeV (1.42c)

The two-body 7Be electron capture 1.41a and 1.41b gives a monoenergetic
neutrino. Approximately 90% of the neutrinos produced in this reaction carry
an energy of 0.861 MeV, while the remaining „ 10% carry 0.383 MeV. The
difference is whether the 7Li produced is in the ground state or in an excited
state, respectively.
On the other hand, the 8B decay gives a continuous neutrino distribution with
an endpoint at about 15 MeV.

• The last possibility consists in a 3He production via proton capture:

hep : 3He ` p Ñ 4He ` e` ` γ Q “ 18.9 MeV B.R. „ 10´5% (1.43)

Neutrinos produced in this reaction, the hep neutrinos, display a continuum
spectrum and are characterized by the highest energies (until 18.8 MeV) among
all the pp chain neutrinos. However, this interaction is very rare (B.R „

10´5%) and hep neutrinos have never been detected so far.

1.5.2 CNO cycle

When the core of the star contains elements heavier than hydrogen and helium, a
series of fusion reaction different from the pp chain can occur. It is the case of the
Carbon-Nitrogen-Oxygen cycle, the so-called CNO cycle. The net process of fusing
four protons into a helium nucleus, two positrons and two neutrinos is still the
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same (see eq. 1.36) as well as the energy released: however, in this case, nuclei of
carbon, nitrogen and oxygen participate as catalysts to aid the fusion process. The
chain of reactions is shown in the right panel of Fig. 1.6.

The cycle begins with a 12C nucleus capturing a free proton to form 13N, which
soon decays and produces a neutrino:

12C ` p Ñ 13N ` γ Q “ 1.94 MeV (1.44a)
13N Ñ 13N ` e` ` νe Q “ 1.20 MeV (1.44b)

The reaction continues with the decay of the 13C:

13C Ñ 14N ` γ Q “ 7.55 MeV (1.45a)
14N ` p Ñ 15O ` γ Q “ 7.30 MeV (1.45b)

15O Ñ 15N ` e` ` νe Q “ 1.732 MeV (1.45c)

At this point, the 15N can decay by one of two possible channels; the most prob-
able one (B.R. “ 99.96%) proceeds via:

15N ` p Ñ 12C ` 4He Q “ 4.97 MeV (1.46)

The 12C produced is now available to begin the chain again at reaction 1.44a.
The other possible branch is much more rare (B.R. “ 0.04%) and it’s the following:

15N ` p Ñ 16O ` γ Q “ 12.13 MeV (1.47a)
16O ` p Ñ 17F ` γ Q “ 0.60 MeV (1.47b)

17F Ñ 17O ` e` ` νe Q “ 1.74 MeV (1.47c)
17O ` p Ñ 14N ` 4He Q “ 1.2 MeV (1.47d)

Only in the 0.04% of the cases the CNO cycle produces a neutrino from the de-
cay of 17F, thus the flux is much lower.
Within the CNO cycle, three solar neutrinos are produced, having continuous spec-
tra with endpoints 1.2 MeV (13N neutrinos), 1.73 MeV (15O neutrinos) and 1.74 MeV
(17F neutrinos). In this work, I will refer to them as a whole, the so-called CNO neu-
trinos.

1.5.3 Solar neutrino fluxes

Solar neutrinos are generated in the same nuclear reactions that produce also pho-
tons we see as light. We can constrain the total neutrino flux by measuring the
Sun’s luminosity [24]:
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Φ »
Ld

4πd2 ¨ 1{2 ¨ 26.7 MeV
» 6 ¨ 1010 ν cm´2 s´1 (1.48)

which is the so-called solar luminosity constraint where Ld is the solar luminosity
(Ld “ 4 ¨ 1033 erg/s), d is the average sun-to-earth distance (d “ 1.5 ¨ 1013 cm) and
the factor 1/2 is due to the fact that the net reaction 1.36 produces two neutrinos.
The relation 1.48 represents an approximate value: in fact, in order to obtain a
precise estimation of the fluxes, a solar model depending by many factors, such as
the solar temperature, the relative abundance of elements and the nuclear reaction
rates, is needed.

With a complete calculation in the context of the SSM, the resulting neutrino
fluxes on Earth, as a function of the neutrino energy, are illustrated in Fig. 1.7.
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Figure 1.7: Solar neutrino fluxes on Earth predicted by the Solar Standard Model [16].
The flux is given in cm´2 s´1 MeV´1 units for continuum sources (pp, 8B, CNO and
hep neutrinos) and in cm´2 s´1 units for monoenergetic sources (7Be and pep neutri-
nos).

1.6 Solar neutrino experiments

Since the neutrino mass is negligible, the gravitational force can be neglected and
we can assume neutrinos to interact only via the weak interaction. The typical weak
cross sections are about 10´45 ´ 10´41 cm2 at 1 MeV energy. As a consequence, neu-
trinos are characterized by an elusiveness that makes them difficult to detect. To
maximize the number of interactions between neutrinos and the detector targets,
it’s necessary either to increase the neutrino fluxes or to have a high number of tar-
gets in the detector volume. Since solar neutrino fluxes are fixed by nature, for solar
neutrinos to be efficiently detected huge detectors’ masses (« hundreds of tons) are
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Solar ν Flux B16-GS98 (HZ) [cm´2 s´1] Flux B16-AGSS09 (LZ) [cm´2 s´1]

pp 5.98p1 ˘ 0.006q ¨ 1010 6.03p1 ˘ 0.005q ¨ 1010

7Be 4.93p1 ˘ 0.06q ¨ 109 4.50p1 ˘ 0.06q ¨ 1010

pep 1.44p1 ˘ 0.01q ¨ 108 1.46p1 ˘ 0.009q ¨ 109

8B 5.46p1 ˘ 0.12q ¨ 106 4.50p1 ˘ 0.12q ¨ 106

hep 7.98p1 ˘ 0.30q ¨ 103 8.25p1 ˘ 0.30q ¨ 103

13N 2.78p1 ˘ 0.15q ¨ 108 2.04p1 ˘ 0.14q ¨ 108

15O 2.05p1 ˘ 0.17q ¨ 108 1.44p1 ˘ 0.16q ¨ 108

17F 5.29p1 ˘ 0.20q ¨ 106 3.26p1 ˘ 0.18q ¨ 106

All CNO 4.88p1 ˘ 0.16q ¨ 108 3.51p1 ˘ 0.15q ¨ 108

Table 1.2: The neutrino fluxes in cm´2 s´1 units with their uncertainties as predicted
by the B16-GS98 SSM (HZ) and the B16-AGSS09 SSM (LZ) [16].

required. Neutrino experiments are often built underground, to shield the detector
from cosmic rays and make use of high radiopurity materials to minimize other
possible background radiations, that could mimic the neutrino-induced signal in
the detector. Since they are electrically neutral, neutrinos are not able to ionize the
matter they are crossing and so they cannot be detected directly. What we observe
are the secondary products coming from the interaction between the neutrinos and
the detector targets.

Neutrino experiments can be classified into two categories, based on their de-
tection technique: the radiochemical experiments and the real-time experiments.

• Radiochemical experiments: they are based on the neutrino capture reaction
by an isotope X:

νe ` A
Z X Ñ A

Z`1Y ` e´ (1.49)

Chemical techniques are used to isolate and collect the reaction products Y,
which are then counted with proportional counters. Due to that, the daughter
nucleus Y must have a suitable lifetime.
This method is sensitive only to electron neutrinos and allows to measure
only the total rate of interactions in a specific volume and beyond an energy
threshold. Several other information such as the neutrino direction of arrival,
the position of interaction and the energy are lost.

• Real-time experiments: the advantage of these experiments is that they are
able to provide information about the energy, the interaction position and,
only for Cherenkov detectors and not for scintillators, the direction of neutri-
nos. They reveal neutrinos through their elastic scattering off the electrons of
the target, or their reactions on the deuterium.
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1.6.1 The Solar Neutrino Problem and its solution

The first experiment able to detect solar neutrinos was Homestake, a radiochem-
ical detector designed by Davis in the late 1960s [25] and located in a gold mine
in South Dakota (USA). It was filled with „ 600 t of C2Cl4 and neutrinos were
detected through the reaction νe ` 37Cl Ñ 37Ar ` e´. The produced argon was
then chemically extracted with the aid of helium; the event rate was „ 2 atoms
of argon per day. Despite the 4000 mwe2, the main background was due to cos-
mic muons, which produced argon after their interaction with chlorine. Since the
threshold of the neutrino capture by 37Cl is 0.814 MeV, Homestake was not sen-
sitive to pp and part of 7Be neutrinos (see Fig. 1.7). The final measured rate was
2.56 ˘ 0.16 ˘ 0.16 SNU3 [18], about a third of the SSM prediction of 9.3 SNU. This
discrepancy between the measured and the predicted values was the first hint of
the solar neutrino problem, consisting in the deficit of the neutrino interaction rate
experimentally measured with respect to the predictions given by the SSM.

A lower energy threshold could be reached in radiochemical experiments that
employed gallium and detected neutrinos thanks to the reaction νe ` 71Ga Ñ 71Ge `

e´. The threshold of this reaction is 0.233 MeV, thus allowing also the detection
of pp neutrinos, which have the most abundant flux according to the SSM (see
Fig. 1.7). Three experiments employed gallium: the SAGE experiment [26], in Bak-
san (Russia), with a shielding of 4700 mwe, used about 50 t of liquid metallic gal-
lium as a target; the GALLEX experiment [27] and its successor GNO [28, 29], both
at LNGS (Italy) under a 3800 mwe mountain shielding. GALLEX used a 30 t tank
containing a solution of HCl and GaCl3, while GNO exploited the same detector
setup with an improved extraction equipment. All these experiments confirmed a
lack in the solar neutrino fluxes, by observing almost half of the expected capture
rate. In particular, the averaged solar neutrino interaction rate measured by SAGE,
GALLEX and GNO was 68.3 ˘ 3.8 SNU, thus confirming the solar neutrino prob-
lem.

Therefore, either the SSM was wrong, although supported by helioseismology
observations, or “something was happening” to the neutrinos while traveling from
the production point inside the Sun to the Earth.

Super-Kamiokande

Super-Kamiokande (SK) is a 50 kton pure mass water Cherenkov detector with
more than 11 000 inward-facing 50-cm diameter PMTs, located in the Kamioka
mine (Japan), under 2500 mwe [30] and still taking data. It is the successor of

2The meter water equivalent (mwe) is a standard measure of cosmic rays attenuation in underground
laboratories. One mwe of material is defined as the thickness of that material providing a shielding
equivalent to one meter of water.

3A Solar Neutrino Unit (SNU) corresponds to a rate of 10´36 captures/atom/s.
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Kamiokande [31], the first real-time experiment consisting of a 3 kton mass wa-
ter Cherenkov detector. In both these experiments, neutrinos are detected through
the elastic scattering (ES) off water electrons. This reaction does not have an in-
trinsic threshold, but an energy threshold is anyway imposed by the radioactive
background, that dominates the low energy range. The ultimate threshold of SK
was 3.5 MeV, thus making it able only to detect 8B neutrinos. The most recent 8B
neutrino flux measured by SK is (2.308 ˘ 0.020 ˘ 0.040q ¨ 106cm2 s´1 [32], which is
approximately 0.4 times the SSM predicted flux, thus providing a confirmation of
the results from the radiochemical experiments. It’s worth emphasizing the fact
that both Kamiokande and Super-Kamiokande showed for the first time that the
detected electron neutrinos did come from the Sun, thanks to the directional infor-
mation provided by the Cherenkov detection.

Despite the beginning of real-time experiments era, the solar neutrino problem was
still an open issue. A first hint towards its solution lay with the fact that all the
experiments considered so far were unable to observe the solar neutrino flux inde-
pendently of the neutrino flavor. This innovative approach was first performed by
the SNO experiment.

SNO

The Sudbury Neutrino Observatory (SNO) [33] was a real-time water Cherenkov
experiment located in Canada, at a depth of 6010 mwe. It consisted of 1 kton of
pure heavy water (D2O) limited by a 18 m diameter stainless sphere, with approxi-
mately 10 000 inward-facing PMTs. This inner structure is surrounded by an ultra-
pure H2O shield in order to limit the amount of background events coming from
the adjacent rock and from the PMTs themselves. The heavy water dictates an in-
trinsic energy threshold of 6 MeV, thus letting SNO reveal only 8B neutrinos, like
Super-Kamiokande did.

The advantage of using deuterium lies in the fact that SNO was able to detect
solar neutrinos via three different interactions:

• Elastic scattering (ES) off an electron

νx ` e´ Ñ νx ` e´ (1.50)

via both charged and neutral current interactions, like in SuperK, thus mea-
suring a combined flux of all flavors: ϕES “ ϕpνeq ` 0.18pϕpνµq ` ϕpντqq.

• Charged current (CC) interaction with the deuterium:

νe ` d Ñ p ` p ` e´ (1.51)

Only electron neutrinos can be detected through this channel, thus providing
a measurement of the electronic component of the flux: ϕCC “ ϕpνeq.
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• Neutral current (NC) interaction with the deuterium:

νx ` d Ñ p ` n ` νx (1.52)

The reaction is sensitive to all neutrino flavors with equal cross section, thus
providing a measurement of the total flux: ϕNC “ ϕpνeq ` ϕpνµq ` ϕpντq.

The total flux of 8B neutrinos measured by SNO, ϕNC “ 5.25 ¨ 106 cm´2 s´1 [34],
was finally in agreement with the SSM prediction, thus suggesting the solution of
the solar neutrino problem.

SNO results pointed to the existence of a non-νe component in the solar neu-
trino flux and provided an explanation for the low measured rate in the previous
experiments: some of the νe produced inside the Sun oscillate into νµ or ντ before
reaching the Earth. The solution to the solar neutrino problem is given by neutrino
oscillations.

1.6.2 The Borexino experiment

Borexino is a real-time 300 tons ultra-pure liquid scintillator (LS) detector located
at LNGS (Italy), at a depth of 3800 mwe, that exploits the Gran Sasso mountain as
a passive shielding against the cosmic muon radiation, which is suppressed by a
factor of „ 106.

The Borexino detector has an onion-like structure with the radiopurity of mate-
rials increasing towards the center [35] and detects neutrinos of all flavors via the
electron-neutrino elastic scattering. The main neutrino target, located in the core of
the detector, is 280 tons of LS - pseudocumene (PC) as a solvent and PPO as a solute.
The scintillator is contained in a thin spherical nylon inner vessel (IV) with a radius
of 4.25 m and it is surrounded by a non-scintillating buffer liquid. The buffer region
is held by a nylon outer vessel (OV) with a radius of 5.50 m, followed by a second
outer buffer region, which in turn is surrounded by a stainless steel sphere (SSS)
with a radius of 6.85 m, which holds 2218 photomultiplier tubes, facing inwards.
The buffer regions shield the inner volume against external radioactivity from the
PMTs and the SSS. The SSS is enclosed in a cylindrical tank filled with high-purity
water, additionally endowed with 208 external PMTs. This water tank serves as an
extra shielding against external gammas and neutrons, and as an active Cherenkov
veto for residual cosmic muons passing through the detector.

Results on pp, pep, 7Be and 8B neutrinos

The interaction rates of the pp, pep and 7Be neutrinos were obtained through a
spectral fit in the so-called LER (Low-Energy Region), below 3 MeV. Due to a strong
correlation between the spectral shapes of pep, CNO and 210Bi, which is a signif-
icant contaminant of the LS, the CNO rate was constrained in the fit to the SSM
prediction. The fit results in terms of interaction rates of solar neutrinos in counts
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per day per 100 ton (cpd/100ton) are given in Table 1.3, including systematic errors.
The analysis was repeated for both HZ-SSM and LZ-SSM with the expected CNO
rate of 4.92 ˘ 0.55 cpd/100 ton and 3.52 ˘ 0.37 cpd/100 ton, respectively. This fact
influences only the resulting pep neutrino rate and is thus given separately with
the label HZ and LZ.

On the other hand, the measurement of 8B neutrinos was performed in the so-
called HER (High-Energy Region), above 3.2 MeV and below 16 MeV, and the related
results are also reported in Table 1.3.

Solar ν Rate [cpd/100ton] Flux [cm´2 s´1] SSM Flux [cm´2 s´1]

pp 134 ˘ 10`6
´10 6.1 ˘ 0.5`0.3

´0.5
5.98p1 ˘ 0.006q (HZ)
6.03p1 ˘ 0.005q (LZ)

7Be 48.3 ˘ 1.1`0.4
´0.7 4.99 ˘ 0.11`0.06

´0.08
4.93p1 ˘ 0.06q (HZ)
4.50p1 ˘ 0.06q (LZ)

pep (HZ) 2.43 ˘ 0.36`0.15
´0.22 1.27 ˘ 0.19`0.08

´0.12
1.44p1 ˘ 0.01q (HZ)
1.46p1 ˘ 0.009q (LZ)

pep (LZ) 2.65 ˘ 0.36`0.15
´0.24 1.39 ˘ 0.19`0.08

´0.13
1.44p1 ˘ 0.01q (HZ)
1.46p1 ˘ 0.009q (LZ)

8B 0.223`0.015`0.006
´0.016´0.006 5.68`0.39`0.03

´0.41´0.03
5.46p1 ˘ 0.12q (HZ)
4.50p1 ˘ 0.12q (LZ)

Table 1.3: Results of the pp-chain solar neutrino analysis [36]. The first error is statis-
tical, the second is the systematic. The last column shows the fluxes as predicted by
the HZ- and LZ-SSM (see Table 1.2). The fluxes of pp, 7Be, pep and 8B neutrinos are
normalized to 1010, 109, 108 and 108, respectively. The results on pep neutrino rate are
given separately with the labels HZ and LZ since the fit has been repeated with the
CNO rate constrained to HZ- and LZ-SSM predictions.

Results on CNO neutrinos

Borexino also provided the first experimental confirmation of the existence of the
CNO fusion in the Sun [37]. To extract the CNO neutrino interaction rate from
data, a multivariate analysis has been performed. The main difference between
this analysis and the pp chain ones consists in the introduction of the constraints
on pep neutrinos, supplied by the SSM, and the 210Bi background. The latter was
obtained through an independent measurement achieved after the thermalization
of the detector. The best fit value is RCNO “ 7.2 ˘ 3.0 cpd/100 ton (68% confidence
interval), including systematic uncertainties: the inferred flux of CNO neutrinos at
Earth is ΦCNO “ p7.0 ˘ 3.0q ¨ 108 cm´2 s´1 (68% confidence interval). As depicted
in Fig. 1.8, the observed CNO rate is compatible with both SSM-HZ and SSM-LZ
predictions, such that we cannot distinguish between the two different models: the
statistical compatibility for HZ is 0.5σ and for LZ is 1.3σ.
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Figure 1.8: CNO neutrino rate negative log-likelihood (lnL) profile obtained directly
from the multivariate fit (dashed black line) and after folding in the systematic uncer-
tainties (black solid line). The histogram in red shows the CNO-neutrino rate obtained
from the counting analysis. The blue, violet and grey vertical bands show 68% confi-
dence intervals (CI) for the SSM-LZ and SSM-HZ predictions, while the Borexino result
(corresponding to the black solid-line log-likelihood profile), respectively [37].
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CHAPTER 2

The JUNO experiment

The Jiangmen Underground Neutrino Observatory (JUNO) is a 20 kton multi-purpose
underground liquid scintillator detector. Its main physics goal is the determina-
tion of the neutrino mass ordering (NMO) by detecting reactor antineutrinos [38].
JUNO is located in Jiangmen city, Guandong province (Southern China), in an un-
derground laboratory with a total shielding corresponding to « 1800 mwe (see
Fig. 2.1). By taking the surveyed mountain profile into account, the simulations pre-
dict a muon rate of 4 mHz/m2 [39], approximately 60 times higher than in Borex-
ino. The site location was chosen in order to optimize the sensitivity for the NMO
measurement. Moreover, to avoid de-phasing effects in the detected antineutrino
spectrum, the distances to the nearby Yangjiang and Taishan nuclear power plants
(NPP) are both « 53 km, with a total thermal power of « 36 GW. The end of JUNO
construction is scheduled for 2022.

Figure 2.1: Location of the JUNO site. The distances to the nearby Yangjiang and Tais-
han NPPs are both « 53 km. The Daya Bay complex, « 215 km far away, is also
shown [38].
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2.1 JUNO physics goals

The large size and the unprecedented effective energy resolution of À 3%{
?

E [MeV]
will allow JUNO to be a unique tool for addressing several physics questions. Be-
sides being designed to study the NMO, the JUNO experiment is able to contribute
significantly to a broad range of topics in astroparticle and fundamental physics.

Neutrino mass ordering (NMO) determination

As pointed out in Chapter 1, there are two different NMO ´ normal and inverted ´

and the determination of the correct one is still an open issue. Different NMO lead
to different energy spectra, as illustrated in Fig. 2.2. Particularly, it’s immediately
clear the discrepancy between the unrealistic hypothesis of no oscillations versus
the oscillation case. In the latter we can observe both the oscillations driven by
the smaller mass splitting ∆m2

21, the so-called slow oscillations, and the large mass
splittings (∆m2

31 and ∆m2
32), the so-called fast oscillations. Moreover, there is a fur-

ther discrepancy between the normal NMO energy spectrum (blue line) and the
inverted one (red line). With a baseline of 53 km (medium baseline), JUNO will be
the first experiment optimized for measure both the slow and the fast oscillations.

Figure 2.2: The expected antineutrino energy spectrum without oscillation (black line)
and with oscillation for normal NMO (blue line) and inverted NMO (red line), assum-
ing 2000 days (« 6 years) of data-taking at the JUNO experiment. The dependence on
the four oscillation parameters is shown [39].

In JUNO, the NMO information will be extracted from the spectral shape of the
prompt electron coming from the inverse beta-decay (IBD) reaction:

νe ` p Ñ e` ` n (2.1)

Antineutrinos produced in the nuclear power plants interact with protons of the
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liquid scintillator, producing a positron and a neutron. The positron loses its kinetic
energy in a short length and then annihilates with an electron, thus generating
a prompt signal within few ns, given by two 0.511 MeV γ-rays. The neutron is
captured with a typical delay of a few hundred seconds and produces a delayed
signal of 2.2 MeV. The spatial, temporal and energetic coincidence typical of this
golden channel will allow to significantly reduce backgrounds.

Since the JUNO NMO sensitivity from atmospheric neutrinos is complemen-
tary to the reactor antineutrinos one, also the spectrum of atmospheric neutrinos
will be analyzed. It covers a broad range in baseline (15 km ´ 13000 km) and in
energy (0.1 GeV ´ 10 TeV). The baseline of an atmospheric neutrino is described
by the zenith angle of its direction, which can be resolved via tracking algorithms
of the secondary particles. The large ranges mentioned above allow to investigate
a wide range of the neutrino oscillation parameters with respect to antineutrinos
reactors thus enhancing the sensitivity.

Solar neutrinos

JUNO will be the perfect candidate detector to perform a precision spectroscopy
of solar neutrinos. In fact, despite its overburden is relatively shallow compared to
other underground experiments, such as Borexino or Super-Kamiokande, by com-
bining its large volume and high light yield, JUNO has the potential to make sig-
nificant contributions to the understanding of solar neutrinos.

The solar neutrinos analysis requires extremely low levels of radiopurity (see
Chapter 3) whereby a big effort is being made, as discussed in Section 2.4. Two
distinct and separated analysis are carried on about this topic: the 8B and the inter-
mediate energy (pep, 7Be and CNO neutrinos) solar neutrinos ones; the latter being
extensively described in the following. The low energy region of pp neutrinos is
instead not addressed due to additional complications.

For what concerns the sensitivity to the measurement of 8B solar neutrinos [40],
the expected signal and background spectra are shown in Fig. 2.3, assuming a 10´17

g/g level for the intrinsic 238U and 232Th contamination. In ten years of data taking,
after all cuts are applied, about 60 000 signal events and 30 000 background events
are expected in the energy range above 2 MeV.

Geoneutrinos

Geoneutrinos are a unique tool to study our planet. The inverse beta decay on
protons with 1.8 MeV threshold makes possible to measure geoneutrinos from the
238U and 232Th decay chains. Only two experiments have measured geoneutrinos
so far: KamLAND [41, 42, 43] and Borexino [44, 45, 46, 47]. However, with its de-
tector being at least 20 times larger than the existing ones, JUNO will join the family
of geoneutrino experiments and will represent a fantastic opportunity to measure
geoneutrinos. Within the first year of running, JUNO will record more geoneutrino
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Figure 2.3: Expected signal and background spectra in the ν ´ e elastic scattering chan-
nel in ten years of data taking, with all selection cuts and muon veto methods applied.
The energy-dependent fiducial volumes account for the discontinuities at 3 MeV and
5 MeV due to some selection cuts which removes 20% of signals in the energy range of
3 to 5 MeV, and less than 2% in other energy ranges [40].

events than all other detectors will have accumulated to that time.

Supernova neutrinos

The rare occurrence of a core-collapse supernova in our galaxy would flush JUNO
with all flavors of neutrinos and antineutrinos, triggering a whole bunch of de-
tection channels. JUNO will have an excellent capability of detecting all flavors
of the postshock neutrinos [48]. The detection channels are mainly the IBD one,
νe ` p Ñ e` ` n, the elastic neutrino-electron scattering, νx ` e´ Ñ νx ` e´, and the
elastic neutrino-proton scattering, νx ` p Ñ νx ` p. The charged current νe and νe

interactions on 12C nuclei are also observable, as well as the neutral current inter-
actions νx ` 12C Ñ νx ` 12C˚, where in the above formulas the x subscript stands
for x “ e, µ, τ. The less abundant 13C atoms in the LS are also considered as a target
and both their CC and NC interactions are taken into account. For a supernova at
a distance of 10 kpc, JUNO will overall register about 104 events.

Diffuse supernova neutrino background (DSNB)

The so-called diffuse supernova neutrino background (DSNB), a low isotropic flux of
neutrinos on the level of „ 10 ν cm´2 s´1 expected from the cumulated supernova
rate in our universe, has never been detected yet. Thanks to its large target mass,
JUNO could detect between two and four DSNB events per year as IBDs in the
energy range above 10 MeV, under which the high event rates of reactor antineutri-
nos dominate, and below 30 MeV, over which the CC interactions from atmospheric
neutrinos are dominant [39].
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Exotic physics

Finally, JUNO has the potential to investigate exotic physics beyond the SM. Some
examples are the search for sterile neutrinos at the eV mass scale, the nucleon de-
cays and the neutrinos from dark matter annihilation in the Sun [38].

2.2 The detector design

The JUNO detector consists of a Central Detector (CD), a Water Cherenkov Detector
(WCD) and a Top Tracker (TT). A schematic view of the whole structure is shown
in Fig. 2.4.

Figure 2.4: Schematic layout of the JUNO detector [39].

The CD contains 20 kton of liquid scintillator (LS) in a spherical acrylic vessel,
supported by a stainless steel (SS) structure via connecting bars. An array of PMTs,
which are installed on the inner surface of the SS structure, looks at the light emitted
by the LS. The CD is submerged in a cylindrical WCD. Thanks to another system
of PMTs, mounted on the SS structure, the WCD provides sufficient buffer in all
directions to both protect the LS from the surrounding rock radioactivity and act as
Cherenkov veto for cosmic muons. In order to accurately measure the muon tracks,
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on top of the WCD there is a plastic scintillator array, the TT. Finally, a chimney for
the calibration operations is connected to the top of the acrylic vessel.

2.2.1 Water Cherenkov Detector and Top Tracker

Given the extremely precise measurements that JUNO is going to address, the back-
ground control is fundamental. The muon background is of the order of several Hz
in the CD and has to be compared with the 60 events/day from IBD and even less
event rates for other neutrino sources, like solars or geoneutrinos. A high efficiency
muon veto system is therefore necessary to monitor this background.

The Water Cherenkov Detector (WCD) is a cylinder of 43.5 m diameter and 44
m height and it is filled with 35 kton of ultrapure water. The Cherenkov light pro-
duced in the water is detected by 2400 LPMTs, mounted outwardly on the spherical
SS structure. To increase the light collection efficiency, some reflective foils provide
a coating for the pool walls and the SS support structure [49].

To improve the reconstruction of the cosmic muons direction, a plastic scintilla-
tor strips tracker is placed on top of the WCD. It is inherited from the decommis-
sioned target tracker of the OPERA experiment [50]. As shown in Fig. 2.5, the TT is
composed of 63 walls with a sensitive area of 6.7 m ˆ 6.7 m each. The TT walls are
distributed on a 3 ˆ 7 horizontal grid and grouped in 3 horizontal layers. The three
walls in the center of the TT are moved up to leave enough space for the calibration
house and the CD chimney. The distance between two layers is 1.5 m, which is
reduced for the section above the chimney. The TT covers « 25% of the area of the
top surface of the WCD.

Each TT wall is made using a total of 512 strips of plastic scintillator. In every
strip, wavelength-shifting fibers are placed; these are read from both sides by 64-
channel multi-anode photomultipliers.

Figure 2.5: The JUNO Top Tracker [39].
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2.2.2 PMTs system

The light produced by the LS molecules is converted into an electrical signal by
means of photomultiplier tubes (PMTs).

Figure 2.6: Scheme of the working principle of a PMT. From [51].

Fig. 2.6 shows an exemplary scheme of the PMT detection principles. An in-
coming photon hits the photocathode behind the PMT surface glass and may emit
a so-called photoelectron (p.e.) via the photoelectric effect. This electron is acceler-
ated to the first dynode to knock more electrons out from the dynode itself. For
the electrons’ acceleration to take place, the PMT is connected to a high voltage
generator. Then, by using multiple dynode stages, a multiplication process starts
and a cascade of electrons is produced. Finally, these secondary electrons reach
the anode to form a detectable electrical signal, which is then processed. In most
PMTs, the charge amplification is a linear process, so that the output pulse at the
anode is proportional to the initial number of photoelectrons over a wide range of
amplitudes.

The PMT properties are characterized by several parameters, the most impor-
tant being the photon detection efficiency (PDE) and the dark counts rate (DCR). The
PDE is the product of the quantum efficiency (QE) and the collection efficiency (CE).
The QE is the ratio of the emitted photoelectrons and the number of incident pho-
tons, and depends mainly on the photocathode material and on the wavelength of
the incident photons. On the other hand, the CE is the ratio between the number
of electrons reaching the useful area of the first dynode and the total number of
electrons emitted by the photocathode. Hence, the PDE represents the probability
of measuring a signal after a photon hit the PMT.
Furthermore, even in total darkness, a current can still be measured at the anode of
a PMT, mostly due to the thermionic emission of electrons from the photocathode
or the dynodes. These “false signals” are called dark counts, from which we have
the DCR.

To achieve the planned energy resolution, a series of design requirements con-
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cerning the PMTs system have been established: a PMT geometry coverage of the
CD sphere ě 75% and a PMT photocathode quantum efficiency ě 35% [38]. The
JUNO PMTs array consists of a double system of 17612 20-inch PMTs (referred to as
large PMTs or LPMTs) and 25600 3-inch PMTs (referred to as small PMTs or SPMTs),
arranged on the CD sphere.

The LPMTs are produced by two different companies: there are 5000 dynode
photomultipliers from Hamamatsu Photonics [52] and 12612 microchannel plate
photomultipliers by Northern Night Vision Technology (NNVT) [53]. The LPMT
system has been designed to maximize the photon collection and thus obtain a high
energy resolution. The high coverage of the LPMT system allows to detect a large
number of photoelectrons for neutrino events, with a yield estimated at « 1500
p.e./MeV. However, for the events close to the CD edge, a large fraction of the
charge is collected by few PMTs, which can undergo saturation in their acquisition.
Even if the range of LPMTs is wide, the systematic errors associated with the charge
integration, such as the non-linearity, can be significant.

The SPMTs, produced by HZC Photonics [54], are distributed uniformly on
the sphere and placed in the spaces between the LPMTs themselves, as shown in
Fig. 2.7. The SPMT system operates in single-photon counting regime within a
wide energy range and it is designed to increase the detector performances at high
energy and to reduce the systematic errors associated to the LPMTs.

Figure 2.7: A real size mock-up of SPMTs interlaced with the LPMTs. From [39].

The SPMTs also contribute in the reconstruction of high energy events, such as
cosmic muons. Thanks to their better timing, they also improve the muon tracking,
which is particularly relevant for keeping the backgrounds produced by cosmic-ray
muons under control.
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2.2.3 Central Detector

Given its huge size, the CD design has been one of the most challenging parts of
JUNO. Its core is filled with the liquid scintillator, described in Section 2.2.4. The
LS is contained in a spherical acrylic vessel with an inner diameter of 35.4 m and a
thickness of 120 mm. This is supported via 590 connecting bars by a spherical SS
structure with an inner diameter of 40.1 m. This structure sits on a shock absorber
consisting of 30 pairs of supporting legs, rooted on the concrete floor of the WCD.
A depiction of the CD is illustrated in Fig. 2.8.

Figure 2.8: Scheme of the JUNO Central Detector (CD). The SS truss is visible, together
with the supporting pillars. PMTs are not displayed [39].

The light emitted by the LS is watched by a system of PMTs installed on the
SS structure and pointing inward. A water buffer of 1.42 m thickness between the
acrylic vessel and the PMT surface protects the LS from the PMT glass’ radioactiv-
ity.

2.2.4 Liquid scintillator

Scintillation is one of the detection methods used in particle physics for particle
detection [55]. When a charged particle passes through a scintillator, it deposits its
kinetic energy within the target, which is then converted into light. The emitted
light is subsequently collected by photomultipliers tubes, coupled to the scintilla-
tors, which finally convert the photon signal into a readable electrical output. To
have a good light collection, the scintillator should be transparent to its own emit-
ted light. A wavelenght shifter is often used to achieve this point: it absorbs light
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and re-emits it with a longer wavelength. Together with these kinds of light emis-
sion, there might be other radiationless de-excitation modes due to impurities in
the scintillating material, the so-called quenching processes.

A good scintillator should maximize the amount of incident energy that is con-
verted into prompt fluorescence and minimize the other contributions. Ideally, it
should also guarantee a high scintillation efficiency, i.e. the fraction of the incident
particle energy which is converted into optical photons and high light yield (LY), i.e.
the amount of light emitted per unit energy, which usually expressed as the num-
ber of photons per 1 MeV of deposited energy. A high light yield contributes to a
high energy resolution. It is also very important that the conversion from the de-
posited energy to photons is linear; quenching is one of the causes of the non-linear
response.

Scintillating materials can be divided into two main categories, organic and in-
organic, depending on the mechanism responsible for the emission of light.
Organic scintillators, like the one employed in JUNO, are composed of aromatic
hydrocarbon structures and are faster than inorganic ones, with a typical emission
time of « 2 ns; by contrast, they have a lower light yield. In this kind of scintil-
lators, the energy level structure of molecules is the only one responsible for the
light emission and both the electronic levels and the vibrational states of the or-
ganic molecule are involved in the process. Since they can be easily provided in
considerable amounts in liquid form, organic scintillators are often employed in
large volume detectors for rare processes, like JUNO itself does.

The core of the JUNO detector is composed by 20 kton of an organic liquid scin-
tillator, with a density of 0.859 g/ml, contained in the inner vessel. The LS needs
to have a good light yield and, due to the large size of the detector, an excellent
transparency. In order to achieve this, linear alkylbenzene (LAB), which consti-
tutes more than 98% of the LS, is used as the solvent due to its exceptional trans-
parency and good light yield (« 104 γ{MeV). The solute is a two-component sys-
tem of the flour 2,5-Diphenyloxazole (PPO) and the wavelength shifter 1,4-Bis(2-
methylstyryl)benzene (Bis-MSB), added to LAB with concentrations equal to 2.5
g/l and 3 mg/l, respectively [56].

Besides the chemical composition of the LS mixture, its cleanliness and radiop-
urity are important. The minimum requirements on the 238U/232Th chains radiop-
urity of the LS are 10´15 g/g for reactor neutrino studies and 10´17 g/g for solar
neutrino studies (see Section 3.2). To ensure these, a purification plant is planned
in situ at the underground laboratory of the JUNO experiment [57]. The function-
ality of the JUNO purification plant is being tested at one of the detectors of the
Daya Bay experiment. Moreover, OSIRIS (Online Scintillator Internal Radioactivity
Investigation System), a LS 20 tons stand-alone detector, is planned to monitor the
radiopurity of the LS before it enters the JUNO detector, in order to confirm the
proper operations of the purification plant.
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2.3 The energy and position reconstruction

In JUNO, the energy and position of each event will be determined respectively
from the number of photons collected by the PMTs and by their arrival time on
them.

The energy reconstruction is crucial to disentangle the signal from the back-
grounds. In principle, the energy deposited by a particle interacting in a liquid
scintillator is proportional to the number of photons collected by the PMTs. An
electron with kinetic energy of 1 MeV is expected to produce approximately 1500
photoelectrons in the JUNO detector. However, the ionization quenching effect [58]
introduces an intrinsic non-linear relation between the deposited energy E and the
number of emitted photons Yph

p :

Yph
p “ Y0 ¨ E ¨ QppEq (2.2)

where QppEq ă 1 is called quenching factor. The suffix p recalls that QppEq

and Yph
p depend on the particle type (α, β, γ) for a fixed energy. Y0, equals to

about 104 photons/MeV, is the scintillation light yield in absence of quenching (i.e.
QppEq “ 1). The QppEq trend can be described by the Birks formula [58], but the
values of its parameters need to be determined experimentally. Due to it, calibra-
tions will be fundamental to compare the known internal source energies with the
correspondent measured ones in photoelectrons. The quenching factor QβpEq for β

decay electrons or positrons can be obtained as:

QβpEq “
1
E

ż E

0

dE
1 ` kB ¨ dE

dx

(2.3)

where dE
dx is the specific energy loss and kB is the Birks quenching parameter,

depending on the scintillator considered. The non-linear effect is more and more
relevant as long as the energy deposit is below a few hundreds keV. The quenching
effect for α particles with a few MeV of energy is higher, and consequently the
amount of emitted light is reduced, by a factor of the order of ten with respect to
an electron with the same energy.

On the other hand, the position reconstruction is used to define events inside a
fiducial volume, which selects a region of the scintillator where the external back-
ground is minimized. Moreover, a good position reconstruction is crucial to take
into account the light non-uniformities. These take place because, for a constant
energy released in the scintillator, the expected amount of detected photons varies
with the emission point of the photons themselves, due to the optical self absorp-
tion of the scintillator itself. The idea at the basis of the position reconstruction
algorithms exploits the time distributions of the collected photons. Particularly, the
positions are reconstructed with a photon time-of-flight method, where the coordi-
nates r⃗0 and t0 of the event are obtained by maximizing the likelihood:
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Lpr⃗0, t0|r⃗i, tiq “
ź

i

pdf
ˆ

ti ´ t0 ´
|r⃗i ´ r⃗0|

vg

̇

(2.4)

where the index i runs over the triggered PMTs, ti is the time of arrival of the
photoelectron on the electronic channel and r⃗i is the position of the hit PMT and vg

is the group velocity of the wave packet emitted in the scintillation event. The pdf
considered here is the probability density function for the time of transit of photons
from the emission to the detection point.

To address the complex topic of both energy and position reconstruction, a com-
mon effort from the JUNO collaboration is being carried on to develop several and
varied ideas about the variables to implement.

2.4 Background and methodology for its control

JUNO is affected by many sources of backgrounds, which in first approximation
can be divided into two main categories: the cosmogenic backgrounds and the nat-
ural radioactivity. The former is caused by muons coming from cosmic rays and
it is related to the experimental site location. Conversely, the natural radioactivity
appears in all the materials and in the environment surrounding the detector and
requires a careful plan to be minimized. Among the natural radioactivity it’s im-
portant to distinguish between the internal background, coming from the LS itself,
and the external background, coming from the other parts of the JUNO detector. The
main radioactive contaminants are the following:

• Natural long-lived radionuclides 238U and 232Th (with their decay chains sup-
posed to be at secular equilibrium) and 40K;

• Natural medium-lived radionuclides 226Ra, 210Pb/210Bi, 210Po when secular
equilibrium is broken in the 238U chain;

• Natural gaseous radionuclide 222Rn;

• Anthropogenic radionuclide 60Co.

To achieve the JUNO physics goals, high levels of radiopurity are required. As
an example, the maximum concentrations allowed for the 238U and 232Th chains to
detect IBD are 10´15 g/g, but even stricter ones are necessary for other analysis,
such as the solar neutrinos one (see Chapter 3).

Much effort is being made by the JUNO collaboration to reduce the backgrounds
and increase the radiopurity of the detector [59]: a careful materials selection, en-
vironmental control and purification campaigns. The onion-like JUNO experi-
mental design represents itself a way to reduce the cosmogenic and the external
background, which can be further decreased through some software-based fiducial
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volume cuts. On the other hand, since the internal background is uniformly dis-
tributed in the LS, only a series of purifications of the LS itself can lead to a reduc-
tion of it. Particularly, the purification of LS will be performed with a system com-
bining mainly distillation, water extraction and steam (or N2 gas) stripping [57].
The distillation is used to remove form the raw LAB the heaviest impurities (mainly
238U, 232Th and 40K) and the process is based on the heat and mass transfer between
a liquid and a gas stream. Afterwards, the LS is processed through water extrac-
tion and stripping plants. The gas stripping is a separation process in which, one
or more dissolved gases are removed from the liquid phase and transferred to the
gas phase. For example, radioactive gases (mainly 85Kr, 39Ar and 222Rn) and oxy-
gen can be removed from the scintillator mixture by stripping it with a variable
mixture of superheated steam and nitrogen.
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CHAPTER 3

Solar neutrino signal and backgrounds

3.1 Solar neutrino signal

JUNO will detect solar neutrinos of all flavors by means of elastic scattering off LS
electrons:

νx ` e´ Ñ νx ` e´ x “ e, µ, τ (3.1)

However, since νe interacts via both CC and NC, the scattering cross section for
νe is « 6 times larger than that for νµ and ντ. In this process, only a fraction of
the neutrino energy is transferred to the electron, which recoils and transfers the
gained kinetic energy to the LS. The visible energy ranges from zero to a fraction of
the neutrino energy, equal to Tmax

e , given by:

Tmax
e “

Eν

1 `
mec2

2Eν

(3.2)

The expected reconstructed energy spectra for 7Be, pep and CNO neutrinos are
shown in Fig. 3.1: even for monoenergetic neutrino sources, as 7Be and pep neutri-
nos, the electron recoil spectrum is continuous.

The elastic scattering process has no intrinsic energy threshold. The expected
interaction rate R for the reaction 3.1 in a given target is calculated as the prod-
uct of the incoming neutrino flux Φ, the number of electrons in the target Ne “

3.38 ¨ 1032 e´{kton [40], and the cross section σx for the elastic scattering, taking into
account the survival probability Pee of the electron neutrino. Mathematically, the
rate is given by:

R “ Ne

ż

dEν
dΦ
dEν

ż

dT
„

dσe

dT
PeepEνq `

dσµ,τ

dT
p1 ´ PeepEνqq

ȷ

(3.3)

where Eν is the neutrino energy and T is the energy of the scattered electron.
The expected interaction rates (in cpd/kton) in JUNO for the neutrinos we are in-
terested in, i.e. 7Be, pep and CNO neutrinos, are reported in Table 3.1, while their
spectra are shown in Fig. 3.1
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Figure 3.1: The expected reconstructed energy spectrum (in photoelectrons, p.e.) of
recoiled electrons scattered off by solar neutrinos of intermediate energy (7Be, pep and
CNO) in JUNO. The spectrum of each solar neutrino is the probability density function
from the Monte Carlo simulations. Other solar neutrino components are not shown as
they are not of interest within this analysis.

Solar ν
R [cpd/kton]

HZ-SSM LZ-SSM

7Be 489.6 ˘ 28.6 446.65 ˘ 25.6

pep 28.0 ˘ 0.4 28.41 ˘ 0.4

CNO 50.29 ˘ 7.97 35.98 ˘ 5.31

Table 3.1: 7Be, pep and CNO solar neutrino expected interaction rates in JUNO. Both
HZ-SSM and LZ-SSM predictions are reported.

3.2 Intermediate energy solar neutrino backgrounds

The content of this section is widely based on Technote Ref. [60].
The scintillation events produced by both neutrinos and backgrounds cannot

be disentangled on an event-by-event basis: the neutrino signature is intrinsically
indistinguishable from β and γ radiation. Therefore, a high radiopurity is essential
in order to make the measurement of intermediate energy solar neutrinos possible.
As described more in detail in Chapter 4, the range of interest of our analysis is
0.4 MeV ă Evis ă 1.7 MeV corresponding to 650 p.e. ´ 2400 p.e..The backgrounds
are divided into three categories: internal, external and cosmogenic. We will treat in
a separate section the background from reactor antineutrinos.

Since the civil construction of the JUNO experiment has not been completed yet,
we cannot know the actual and final contamination of the different isotopes. For the

42



CHAPTER 3. SOLAR NEUTRINO SIGNAL AND BACKGROUNDS

internal backgrounds, following the classification introduced in Ref. [38], we have
conceived four different radiopurity scenarios: the Borexino-like, the ideal, the base-
line and the IBD, in order of decreasing levels of radiopurity (see Section 3.2.1). The
assumptions for the external background are taken from Ref. [40], while the cos-
mogenic ones originate from a scaling of rates from previous experiments, namely
KamLAND and Borexino.

3.2.1 Internal backgrounds

By internal backgrounds we mean the presence of radioactive isotopes which con-
taminate the LS: they can be classified in three kinds of emitters: α, β and γ. As
already mentioned above, we have four different scenarios for the concentration of
the different isotopes.

The IBD scenario corresponds to the minimum radiopurity requirements set by
the JUNO collaboration for a successful NMO determination [38]: in this case, the
238U/232Th contamination is « 10´15 g/g, the 40K contamination is « 10´16 g/g,
while 210Pb is assumed to be out of equililbrium with respect to the 238U chain, with
a contamination at the level of « 5 ¨ 10´23 g/g. The count rate of 85Kr is assumed
to be 5000 cpd/kton. The baseline scenario corresponds to a factor 10 of improve-
ment for all isotopes with respect to the IBD. The ideal scenario corresponds to a
factor 10 of improvement with respect to the baseline scenario for all the isotopes,
except for 210Pb and 85Kr for which the improvement is only of a factor 5. Finally,
the Borexino-like scenario represents a combination of BX-Phase II and BX-Phase III
internal backgrounds contaminations [61, 36, 37].

The expected decay rates relevant for this analysis are quoted in Table 3.2. For
most of the internal backgrounds of interest, the interaction rate R, expressed in
counts per day per kilo-tonne of scintillator (cpd/kton), can be directly calculated
as:

R
„

cpd
kton

ȷ

“
c ¨ NA

τ ¨ M
¨ 86400

s
day

¨ 109 g
kton

, (3.4)

where c rg{gs and τ “ τ1{2{ ln 2 [s] are the radioactive isotopic abundance per g
of LS, and the mean lifetime, respectively. M is the element’s molar mass rg{mols
while NA “ 6.022 ˆ 1023 mol´1 is the Avogadro number.

In the following a list of the involved elements is made. It is worth pointing out
that the low energy background associated to 14C β decay is not considered here,
since it doesn’t enter into the analysis region of interest.

40K

The 40K isotope (β´ decay or EC, τ “ 1.85 ˆ 109 y) is a primordial nuclide with a
natural abundance of 0.012%. In addition to the dominant pure β decay (B.R. = 89%
and 1310 keV end–point, eq. 3.5a), there is a 10.7% probability for electron capture
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Isotope
Borexino-like

Ideal
Baseline

IBD

c
[g/g]

R
[cpd/kton]

c
[g/g]

R
[cpd/kton]

c
[g/g]

R
[cpd/kton]

c
[g/g]

R
[cpd/kton]

40K
´

4.20
1

¨10
´

18
23

1
¨10

´
17

229
1

¨10
´

16
2289

85K
r

´
100

´
100

´
500

´
5000

232Th
chain

5.7
¨10

´
19

2.0
1

¨10
´

17
35

1
¨10

´
16

351
1

¨10
´

15
3508

238U
chain

9.4
¨10

´
20

1.414
1

¨10
´

17
150

1
¨10

´
16

1505
1

¨10
´

15
15047

210Pb
chain

;
´

232
1

¨10
´

24
727

5
¨10

´
24

3626
5

¨10
´

23
36310

;
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out-of-secular-equilibrium
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210Pb
Ñ

210Bi
Ñ

210Po.
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to an excited state of 40Ar (eq. 3.5b), resulting in the emission of a monoenergetic
1460 keV γ ray (eq. 3.5c), which helps to distinguish the 40K energy spectrum from
the other β spectra. In JUNO, this isotope comes from several sources [38]: the
rock around the detector hall, the SS sphere, the PMTs glass, LS and water buffer
contaminations and the acrylic sphere.

40K Ñ 40Ca ` e´ ` νe β´ : Q “ 1.32 MeV, B.R. “ 89.3% (3.5a)
40K ` e´ Ñ 40Ar˚ ` νe EC : Q “ 1.50 MeV, B.R. “ 10.7% (3.5b)
40K ` e´ Ñ 40Ar˚ Ñ 40Ar ` γ γ : Eγ “ 1.46 MeV (3.5c)

85Kr

85Kr is a β-emitter with a 687 keV end–point energy (99.57% B.R.) and a mean life-
time of 15.4 years. Since the distribution of the 85Kr emitted electrons covers an
energy range similar to the 7Be neutrinos recoil electrons, 85Kr is one of the most
important backgrounds for the analysis presented in this work. We can find its
presence of traces in the atmosphere, with an average concentration of „ 1 Bq{m3,
mostly because of past nuclear explosions. Thus, even small air exposures of the
LS during the detector-filling operations would yield significant contamination.

232Th

The primordial isotope 232Th has a mean lifetime of 2.03 ˆ 1010 y and a natural
abundance of 100%. As shown in Table 3.3, the 232Th decay chain contains six α

and four β decays and ends with the stable 212Po.
While the 232Th decay rate is also computed using eq. 3.4, the total 232Th-chain

decay rate is given by 10 ˆ Rp232Thq. This assumes that the daughter isotopes of
the 232Th are in secular equilibrium with their respective parent.

238U

238U is a primordial radioactive isotope with a mean lifetime of 6.45 ˆ 109 y. It
is the most common isotope of uranium, with a natural abundance of 99.3%. As
shown in Table 3.4, the 238U decay chain contains eight α and six β isotopes and
ends with 206Pb. Using the same argumentation as for 232Th, the 238U-chain decay
rate is calculated to be 14 ˆ Rp238Uq.

Some of the isotopes of the radioactive 238U chain can be also found out of equi-
librium. In particular, the 210Pb isotope, which can be absorbed by metal and plastic
surfaces, gives rise to an additional out-of-equilibrium sub-chain, addressed in the
following paragraph.
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Isotope Mean Lifetime Energy [KeV] Decay

232Th 2.03 ˆ 1010 y 4010 α
228Ra 8.31 y 46 β´ γ
228Ac 8.84 hrs 2140 β´ γ
228Th 2.76 y 5520 α
224Ra 5.28 days 5690 α
220Rn 80.2 s 6290 α
216Po 209 ms 6780 α
212Pb 15.3 hrs 573 β´ γ

212Bi(64%) 87.4 min 2250 α
212Bi(36%) 87.4 min 6050 α

212Po 431 ns 8780 α
208Tl 4.40 min 4990 β´ γ

Table 3.3: The 232Th decay chain showing isotope, lifetimes, maximum released ener-
gies and type of decay.

210Pb sub-chain: 210Pb ´
210Bi ´

210Po

210Pb is a β-emitter nuclide in the 238U decay chain. Due to its long mean life-
time (32 years) and its tendency to grab at surfaces, it is often found out of secular
equilibrium with the 222Rn section of the chain [61].
While the additional 210Pb contribution is not a problem, since its end–point energy
(Q = 63.5 keV) is well below the region of interest for solar neutrinos, its daughters
210Bi and 210Po represent a major source of background.

In this case, we can consider the additional 210Pb as the parent of the following
decay sub-chain:

210Pb
τ«32 y

ÝÝÝÝÝÝÝÑ
Q“63.5 keV

210Bi τ“7.23 d
ÝÝÝÝÝÝÝÑ
Q“1160 keV

210Po τ“199.1 d
ÝÝÝÝÝÝÝÑ
Q“5.4 MeV

206Pb (3.6)

• 210Bi is a β-emitting nuclide with a mean lifetime of 7.23 days and a Q–value
of 1160 keV. In JUNO, the 210Bi energy shape doesn’t have any prominent
structure but a smooth featureless profile instead, similar to the one of CNO
and pep neutrinos.

• 210Po is a 5.3 MeV α emitter. Because of quenching effects, its reconstructed
energy is found around 510 keV electron equivalent energy, and therefore its
spectrum extends in the typical 7Be neutrino energy region. It will be clearly
visible in the JUNO energy spectrum thanks to its peak-shape.

Provided that we know that there is an out-of-secular-equilibrium 210Pb compo-
nent, its rate can be computed via eq. 3.4. Because of its mean lifetime (τBi “ 7.23 d)
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Isotope Mean Lifetime Energy [keV] Decay

238U 6.45 ˆ 109 y 4200 α
234Th 34.8 days 199 β´

234mPa 1.70 min 2290 β´

234U 3.53 ˆ 105 y 4770 α
230Th 1.15 ˆ 105 y 4690 α
226Ra 2.30 ˆ 103 y 4790 α
222Rn 5.51 days 5490 α
218Po 4.40 min 6000 α
214Pb 38.7 min 1020 β´ γ
214Bi 28.4 min 3270 β´ γ
214Po 236 s 7690 α
210Pb 32.2 y 63 β´ γ
210Bi 7.23 days 1160 β´ γ
210Po 200 days 5419 α
206Pb stable ´ ´

Table 3.4: The 238U decay chain showing isotope, lifetimes, maximum released energies
and type of decay.

small with respect to the one of 210Pb (τPb “ 32 y), the 210Bi activity goes almost im-
mediately in equilibrium with the 210Pb one, while 210Po reaches equilibrium after
„ 2 y. Once the equilibrium is reached, the following relation between the rates of
the three isotopes holds:

τPb " τBi τPb " τPo

t{τPo"1
ùñ

RPo

RBi
“

RPo

RPb
“

τPb

τPb ´ τPo
« 1.015 (3.7)

Out-of-secular-equilibrium 210Po

From the Borexino experience, we know that it is possible that a certain amount of
210Po out-of-secular-equilibrium with respect to both the 238U and the 210Pb chains
appears in the LS. From now on, we will call it unsupported 210Po. In Borexino LS, a
large amount of unsupported 210Po was found immediately after the filling [61, 36],
probably because it was washed out from the pipes’ surface while the scintillator
was flowing into them. In Borexino, another source of unsupported 210Po was the
nylon vessel containing the scintillator: 210Po produced by 210Pb, implanted on the
surface, was cleaned and carried into the fiducial volume by convective currents
triggered by temperature changes [37]. Currently, we cannot estimate the amount
of unsupported 210Po which will be present in the JUNO scintillator ´ if any ´ once
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the experiment will be working. Hence, we will set its value to zero and we will
investigate the impact of different contaminations in the Chapter ??.

3.2.2 External backgrounds

The main source of external background is the radioactivity of the materials sur-
rounding the LS, mainly the 208Tl, 214Bi, and 40K isotopes coming from the PMTs
glass. Only the emitted γ rays have a high enough mean free path to reach the in-
ner parts of the scintillator and their typical energy belongs to the 1 MeV to 3 MeV
range. We assume that the external γ background can be removed with an offline
fiducial volume cut. Since the JUNO scintillator volume is extremely large, one
can demonstrate that it’s always possible to implement strict enough cuts into the
cleanest region of the detector; therefore, the external background need not to be
considered in our analysis. In fact, as Fig. 3.2 illustrates, the Monte Carlo simula-
tions of the external γ’s deposited energy spectrum in the LS show that a r À 15 m
spherical FV would be large enough to completely suppress the external γ contri-
butions.

Figure 3.2: Deposited energy spectra in LS by external γ’s after different FV cuts. The
plot is generated by the simulation with measured radioactivity values of all external
components [40].

3.2.3 Cosmogenic backgrounds

Cosmogenic isotopes are created by spallation of atmospheric muons on carbon
atoms inside the LS. Many of them are short-lived isotopes and can be efficiently
removed by a simple veto cut around the muon track; others are long-lived (with
mean lifetimes « s, min) and their decays represent an additional constant source
of background.

For the intermediate energy solar neutrinos analysis in JUNO, the four relevant
cosmogenic isotopes are 11C, 10C, 6He and 11Be: they decay with non-negligible
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rates in the energy region of interest [62, 63]. Let’s now describe them more in
detail.

• 11C is a β` emitter (Q = 1.98 MeV) with a mean lifetime of 29.4 min. It is by
far the most abundant and relevant µ-induced nuclide for our analysis, rep-
resenting the main background for the pep and CNO neutrino rates determi-
nation. Typically, it is produced along with one neutron from the interaction
of a cosmic muon with a carbon atom:

µ ` 12C Ñ µ ` 11C ` n (3.8)

Then, it undergoes a β` decay, producing 11B atoms:

11C Ñ 11B ` e` ` νe (3.9)

The resulting 11C energy spectrum is found to be in the same energy range
of pep and CNO neutrino spectra, making this background crucial for our
analysis.

• 10C is a β` emitter (Q = 3.65 MeV) with a mean lifetime of 27.8 s. Its energy
spectrum lies in the region above 1.4 MeV, thus its contribution is marginal in
the region of interest of intermediate energy solar neutrinos.

• 6He is a β´ emitter (Q = 3.51 MeV) with a mean lifetime of 1.1 s. As shown in
Table 3.5, its low expected rate makes its contribution negligible with respect
to 11C.

• 11Be is a β´ emitter (Q = 11.5 MeV) with a mean lifetime of 19.9 s. Since its
spectrum lies mostly in the higher energy range, it is only relevant to 8B and
hep neutrino analysis [40, 64]. Additionally its production rate is expected to
be much lower than the other isotopes.

Isotope Rate [cpd/kton]

11C 1916 ˘ 157
10C 37.1 ˘ 5.3
6He 27.8 ˘ 4.8
11Be 2.45 ˘ 0.61

Table 3.5: Expected interaction rates of cosmogenic backgrounds in JUNO [60].

The spallation reaction allows us to exploit the so-called Three-Fold-Coincidence
(TFC) [65] algorithms to highly reduce the background. However, the remaining
cosmogenic rate ´ primarily from 11C ´ is still high enough to significantly affect
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the analysis. TFC algorithms and their performances will be discussed in Chap-
ter 4. The JUNO expected cosmogenic rates are reported in Table 3.5.

The TFC algorithm

11C isotope is the most important muon-induced cosmogenic background in JUNO.
Whilst it is not so problematic for the determination of 7Be neutrinos flux since the
two energy spectra don’t overlap, it represents a major background for the mea-
surement of the interaction rate of pep and CNO neutrinos. In fact, the higher
energy portion of the signal induced by pep and CNO neutrinos largely superim-
poses with its spectrum and its rate is « 35 and « 68 times higher than the CNO
and pep ones, respectively.

Since new 11C atoms are continuously created by the spallation processes of
cosmic-ray muons on carbon atoms from the scintillator, the 11C concentration can-
not be reduced through purification campaigns, as it is allowed for other back-
grounds. Fortunately, both its production and decay involve the emission of a neu-
tron and a positron, respectively (see eq. 3.8 and eq. 3.9). It is therefore possible
to exploit the spatial and time coincidence of those reactions, and identify the 11C
events through a Three-Fold-Coincidence (TFC) tagging technique. This technique
has been developed and successfully used in all Borexino analysis [65, 36] and
it would be even more crucial for JUNO, since the latter is subjected to a higher
cosmic-muons rate than Borexino. Nonetheless, up to now, no methods devoted to
11C-tagging have been yet developed specifically for the JUNO experiment. Our
analysis is built on the assumption that the TFC algorithm will be implemented
before the beginning of the data acquisition and that its performance will be com-
parable to the Borexino ones.

In the following, I will give an outline of the hypothetical TFC major steps. The
mean life of 11C (τ11C « 27 min) is too long to apply a veto on the whole detec-
tor for every muon passes through it. Therefore, the 11C contamination has to be
removed with a more sophisticated approach. The TFC algorithm idea is to veto
space-time regions of the detector after the coincidences between the neutron cap-
ture and the parent muon, in order to exclude the subsequent 11C decay. The vetoed
spatial regions could be either spherical or cylindrical depending on the details of
the algorithm implementation. A schematic depiction of the TFC algorithm vetoed
regions implemented as in Borexino is shown in Fig. 3.3. The reconstruction of the
interaction positions of the γ-rays from neutron capture and the tracks of parent
muons are crucial for the success of the TFC technique. The guiding principle for
the determination of the most appropriate parameters is the search for the optimal
compromise between 11C rejection and preservation of the residual exposure after
the veto cuts.

The performances of a possible algorithm can be summarized in an effective
way by two parameters:

• Tagging Power (TP), defined as the fraction of correctly identified 11C events;
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Figure 3.3: The spatial regions vetoed in Borexino TFC algorithm: a cylinder around
the muon track (blue) and some examples of spheres centered around the point where
the neutron capture is reconstructed (areas with horizontal lines around the stars) and
their projections along the muon track (green areas) [65].

TP = 1.0 means that all the 11C events are properly determined.

• Subtracted dataset exposure (SE), representing the remaining exposure in the
TFC-subtracted dataset after the application of TFC; SE = 1.0 means that the
whole exposure belongs to the TFC-subtracted dataset, while the TFC-tagged
one is empty.

Since no preliminary studies about this topic are available for JUNO, in our
analysis reasonable values of these two parameters (TP = 0.90 and SE = 0.70) have
been chosen as default working values based on Borexino experience [36].

3.2.4 Background from reactor antineutrinos

Reactor antineutrinos that interact through the elastic scattering off electrons con-
tribute as a background in the intermediate energy region of solar neutrinos.

In order to estimate their interaction rate, the νe spectrum from Ref. [66] is
used. Then, considering 36 GW of reactors thermal power and a baseline of 53 km,
the flux of reactor antineutrinos in the JUNO detector is calculated to be « 2 ˆ

107 cm´2s´1. Considering the antineutrinos cross section for the elastic scattering
off electrons [40] and the survival probability of reactor antineutrinos [38] with os-
cillation parameters [7], the rate of background events induced by antineutrinos
is calculated to be 1.86 cpd{kton in the entire energy range and 1.7 cpd{kton for
visible energy Evis ă 2 MeV.

When comparing this rate with the expected rate of solar neutrinos (Sec.3.1) and
the radioactive and cosmogenic backgrounds, the contribution from antineutrinos
can be considered negligible. Therefore, we will not include it in our sensitivity
studies.
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3.2.5 Background from pileup events

A so-called pileup event takes place when two or more events occur so close in
time that a clustering algorithm cannot disentangle them. Pileup events represent
a critical background for the low energy analysis, typically in the energy range of pp
neutrinos, and should be studied carefully. However, in principle, the pileup events
could affect also the intermediate energy region: a scrupulous analysis of its effect
is described in the Technote Ref. [60]. The results reported in [60] prove that pileup
events are mostly negligible, so that we can safely neglect it in the intermediate
energy analysis.

To get more into the details, the following pileup scenarios have been studied.
First of all, since 14C is the most abundant isotope in liquid scintillator detectors,
the pileup of two, three or four 14C events (double 14C pileup, triple 14C pileup and
quadruple 14C pileup, respectively) has been considered. Furthermore, because of
210Po is one of the most abundant isotope expected in the lowest part of the energy
spectrum of this analysis, a possible pileup of 14C and 210Po events has also been
studied. The results obtained are summarized below.

• Double 14C pileup: it is not present in the region of interest of the intermediate
energy solar neutrinos analysis.

• Triple 14C pileup: only a fraction of events of « 2 ¨ 10´6 % contributes within
the energy region of interest.

• Quadruple 14C pileup: it doesn’t impact on pep-ν sensitivity, while it worsens
the 7Be-ν sensitivity of « 1 % ´ 1.5 %. However, if constrained in the fit (see
Chapter 4), its impact is negligible.

• 14C + 210Po pileup: it doesn’t impact on pep-ν sensitivity, while it worsens the
7Be-ν sensitivity of « 1 % ´ 1.13 %. As in the previous case, if constrained in
the fit, its impact is negligible.
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CHAPTER 4

Analysis strategy for 7Be, pep and CNO solar
neutrinos detection

Thanks to its exceptional energy resolution and its large active mass, JUNO rep-
resents an excellent candidate to investigate solar neutrinos. Particularly, in this
thesis work I will focus on its potentiality to detect 7Be, pep and CNO solar neutri-
nos, the so-called intermediate energy solar neutrinos.

Since JUNO has not started yet to take data, the purpose of the analysis I am
going to illustrate is to evaluate its sensitivity to solar neutrinos. To perform as
comprehensive sensitivity studies as possible, the results have been obtained as
a function of different radiopurity concentrations and different exposures; this al-
lows us to optimize the analysis before the data-taking starts.

In liquid scintillator detectors, the signal induced by solar neutrinos which scat-
ter on electrons is generally indistinguishable on an event-by-event basis from the
one produced by radioactive backgrounds. However, it’s possible to extract the
neutrino signal by means of a fit to the energy distribution of all events. To achieve
this, it’s necessary to know the expected reconstructed energy distributions of each
signal and background component, giving them in input to the fit. These distribu-
tions can be attained only if the detector energy response is known very precisely
and can be simulated via the JUNO Monte Carlo software. Then, the fit returns in
output the corresponding contributing amplitude for each species, i.e. the number
of events whereby each contributes to the total events.

4.1 Strategy steps

The main steps of the analysis strategy are sketched in Fig. 4.1 and are summarized
hereafter:

1. Monte Carlo production. Monte Carlo simulations of neutrino signals and
backgrounds are performed with the JUNO offline software framework, called
SNiPER and described in Section 4.2.

2. PDF production. As a first step, for each of the species of interest, a Probabil-
ity Density Function (PDF) for the reconstructed energy variable can be built
directly from the corresponding Monte Carlo sample, as explained in Sec. 4.3.
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Figure 4.1: Flow chart describing the steps of the sensitivity analysis on intermediate
energy solar neutrinos.

These PDFs, both for neutrinos and backgrounds, will be used as the model
against which the pseudo-dataset will be both sampled and fitted.

3. PDF smoothing. Given the JUNO exposure with respect to previous experi-
ments, e.g. Borexino, a groundbreaking amount of statistic is expected once
data will start to be collected. Because of obvious limited computational re-
sources, the generated PDFs, which in principle should be produced with
greater statistics than the expected data, cannot actually afford it. In the fitting
process this would lead to the phenomenon of oversampling, i.e. we would
artificially reproduce the PDFs statistical fluctuations, amplifying them on
datasets. This issue, addressed in Sec. 4.4, is solved by applying a Savitzky
Golay filter [67] on the PDFs ´ thereby suppressing high-frequency fluctua-
tions in the PDFs and reducing bias on the results.

4. Pseudo-datasets generation. These PDFs are then used to create all the neces-
sary pseudo-datasets, created by randomly sampling from the PDFs. For each
dataset, a random number is generated according to the mean expected num-
ber of events for each species, following a Poisson distribution. The samples
from each PDF are then combined into one histogram: the pseudo-dataset.
Sec. 4.5 explains this more thoroughly.

5. MC based multivariate fit. Since the cosmogenic isotope 11C is character-
ized by a high rate in the detector and shares the energy region with pep and
CNO neutrinos, it’s of utmost importance to adopt techniques dedicated to
its identification. We embraced the Three-Fold-Coincidence (TFC) tagging al-
gorithm, described in Chapter 3. Thanks to it, we can split the JUNO solar
neutrino dataset into two distinct data samples, simultaneously fitted: one
enriched in 11C (TFC-tagged) and the complementary one depleted in 11C
(TFC-subtracted), whose benefit will be discussed in Section 4.6. The fit ap-
proach requires the optimization of a binned Poisson likelihood function, to
extract the interaction rates of each background and neutrino signal, assum-
ing the same detector response function for data and model. In order to per-
form the fit, two fitting tools have been developed independently from each

54



CHAPTER 4. ANALYSIS STRATEGY FOR 7BE, pep AND CNO SOLAR NEUTRINOS

DETECTION

other: MUST (Milano nUsol Sensitivity Tool) and JUST (Jülich nUsol Sensi-
tivity Tool), described more in detail in Section 4.6.

6. Fit of a large number of pseudo-datasets. In order to extract the sensitivity of
JUNO to intermediate energy solar neutrinos, for each defined experimental
conditions, the fit must be performed on a large number of pseudo-datasets
(« 104). From these ones, we then determine the average extracted rates for
signal and background and the corresponding average uncertainty.

4.2 Monte Carlo simulation and events reconstruction frame-
work

For the simulations and the analysis of the events, the JUNO experiment uses a
software based on the Software for Non-collider Physics expERiments (SNiPER) frame-
work [68], which in turn makes use of the Geant4 [69] and the ROOT [70] libraries.
The Python language is used for the implementation of a user-interface which then
calls C++ plug-ins. As the development of the JUNO software is ongoing, some
technical details of the simulation are expected to evolve in time.

The event handling of the JUNO software is based on a multi-staged approach.
The main steps of the SNiPER Monte Carlo procedure are sketched in Fig. 4.2 and
described henceforward.

Figure 4.2: Schematic depiction of the Monte Carlo simulations main steps.

The offline JUNO Monte Carlo is an ab initio framework which simulates all the
physical processes that can happen when a particle interact with the detector itself.
After this first simulation part, the reconstruction part takes care of the analysis of the
PMTs outputs and the reconstruction of the physical quantities of interest, such as
the energy or the vertex interaction of the events. More in detail, as Fig. 4.2 shows,
we have a total of four input-output chain modules: two concerning the simulation
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´ the so-called DetSim and ElecSim ´ and two related to the reconstruction one, the
so-called Calib and Rec.

1. DetSim produces the list of the particles to be simulated and reproduces the
detector;

2. ElecSim reproduces the electronics simulation and mimics the behaviour of
the PMT readout electronics. Its output consists in the so-called waveforms,
i.e. the time evolution of the detected PMT signals;

3. Calib reconstructs the charge and the time from each PMT waveform, through
a de-convolution of them.

4. Rec takes the PMT charge and hit times as inputs and estimates the basic phys-
ical quantities associated to the event, such as the event vertex interaction, its
energy or the particle identity.

The event energy reconstruction is carried out by using the OMILREC [71] (Opti-
cal Model Independent Likelihood REConstruction) algorithm, which implements
a charge and time based Maximum Likelihood Estimation (QTMLE). The energy
variable of interest for our analysis, named mNQE, is the total number of charge
in each PMT, expressed as the number of photoelectrons (p.e.), subtracted by the
mean dark noise hits expected, and after an effective correction taking into account
the non-uniformity of the detector energy response. Fig. 4.3 shows, as an example,
the relation between mNQE and the true deposited energy in MeV (left panel) and
between mNQE and the radius (right panel). Both the plots have been obtained by
simulated 4000 events of 1 MeV electron homogeneously distributed in the detec-
tor within a radius of 15 m. As expected, 1 MeV approximately corresponds to 1500
p.e..
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Figure 4.3: The mNQE energy variable in p.e. versus the true deposited energy in MeV
(left panel) and versus the radius in mm (right panel).

The non-uniformity effects happen mainly due to the optical self-absorption
within the scintillator. In fact, if an event takes place near the detector edges, some
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of its scintillation photons cross the entire diameter of the acrylic sphere. By doing
so, they are on average attenuated by the scintillator more than photons emitted to
an event occurred in the centre of the detector, since these latter ones travel a shorter
distance within the scintillator whose attenuation lenght is about 430 nm [72]. As
a consequence, if the non-uniformity corrections weren’t taken into account, then
in the first example the reconstructed energy would be inferior with respect to the
true deposited one. Because of that, an accurate reconstruction of the position of
the event is crucial to correct for these non-uniformities.

The position reconstruction is based on the RecTimeLikeAlg [73] algorithm, which
mainly uses the time information to reconstruct the time and the vertex for point-
like events. The basic principles underlying these algorithm are described in Chap-
ter 2.3.

4.3 Monte Carlo campaign and PDF production

In order to perform our sensitivity studies, a dedicated and extensive Monte Carlo
simulation campaign is required. In particular, we need to generate the PDFs for
all the species ´ both neutrinos and backgrounds ´ involved in the analysis.

The creation of the PDFs follows different steps, described hereafter. First of all,
for each species of interest, for a given i-th species we simulate a number of events
Ngen

i given by:

Ngen
i “ Ri E E “ mFV ∆t “

4
3

πr3
FV ρLAB ∆t (4.1)

where Ri is the i-th species simulated rate (based on HZ-SSM predictions for
neutrinos, and on baseline scenario for internal backgrounds), E is the exposure for
a sphere with radius r “ 15.0 m in a ∆t “ 1 y data taking with 100% duty cycle, and
ρLAB “ 0.859 g{ml is the scintillator density. All the species have been simulated
uniformly within a rsim ă 15.0 m sphere, while the fiducial volume employed for
this sensitivity analysis is a rFV ă 14.0 m. As an example, assuming a rFV ă 14 m FV
and 1 year of data-taking, JUNO is expected to detect „ 2 ˆ 106 7Be neutrino events
and „ 7 ˆ 106 11C events. The value of rsim has been chosen to avoid border effect
in the position reconstruction of events. Since the radial coordinate resolution is
σr „ 15 cm for events with the lowest energy of interest for our analysis (650 p.e.),
the probability that an event generated in r ą rsim region is reconstructed inside
the FV is negligible.

Afterwards, the histograms of the reconstructed energy are created in the mNQE

variable and the normalization stage is carried out, according to the considered
fiducial volume and the detection efficiency for the given species. In light of that,
the normalization factor N is computed as:

N “
Nrec

i pr ă 14 mq

Ngen
i pr ă 14 mq

“
Nrec

i pr ă 14 mq

Ngen
i pr ă 15 mq

¨

ˆ

15
14

̇3

(4.2)
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where Nrec
i is the number of reconstructed events in a given spherical volume

for a given species.

4.4 PDF smoothing

JUNO will benefit from an unprecedented target mass, consequently the data-taking
exposure and the number of signal and background events will be extremely large.
Currently, due to the disk storage and CPU time limits, it’s unfeasible to simulate
more than „ 1 ˆ 106 Monte Carlo events for each species. Consequently, the num-
ber of simulated events is lower with respect to what expected for a real dataset.
This could cause a bias in the fit result, due to the statistical fluctuations in the
PDFs. For a realistic dataset, the following relation should be valid:

λi`1 ´ λi À
a

λi (4.3)

where λi is the expected number of events for the i-th reconstructed energy bin.
To solve this issue and to verify eq. 4.3, an optimized low-pass filter, the so-called
Savitzky Golay (SG) filter [67], is applied on the generated PDFs, thereby suppressing
as possible the spectral high-frequency fluctuations without distorting the spectral
features. The core of the SG filter is the fit of successive sub-sets of adjacent data
points with a low-degree polynomial, by the method of linear least squares. The
input parameters are the smoothing window length and the interpolating polyno-
mial degree. The algorithm weakens the fluctuations of a factor 10-20 with respect
to the starting PDFs1.

The initial PDFs (left panel) and the ones after the smoothing (right panel) are
displayed in Fig. 4.4.

4.5 Toy dataset generation

After the PDFs smoothing, the pseudo-datasets can be built by summing the con-
tributions of each of the neutrino and background species. The reconstructed en-
ergy of the events is sampled from the PDFs and distributed in two different re-
constructed energy spectra: the so-called TFC-subtracted histogram, which was de-
pleted in 11C using the TFC technique (see Sec. 3), and the TFC-tagged one, enriched
in 11C.

The two resulting histograms will be separately fitted in the multivariate anal-
ysis, as will be described in Sec. 4.6. Examples of reconstructed energy spectra for
pseudo-datasets employed for the sensitivity analysis (black curves), assuming one
year of data-taking, are shown in Fig. 4.5. The contributions of neutrinos and back-
grounds are drawn in other colors. The TFC-subtracted and TFC-tagged datasets

1It’s worth emphasizing that, in place of a Monte Carlo procedure, an analytical fit would avoid
the smoothing step: in fact, the PDFs would be produced starting from the energy response function
of the detector, derived analytically.
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Figure 4.4: The reconstructed energy PDFs before (left panel) and after (right panel) the
smoothing process according to the SG algorithm, scaled for the respective expected
number of events for 1 year data taking. The baseline scenario is assumed for internal
background rates.

are reported in the left and right columns respectively; top panels, central panels
and bottom panels refer to IBD, baseline, and ideal internal radioactivity scenarios
respectively.

In order to highlight some important features of the datasets, as an example, we
will focus now on the bottom panel of Fig. 4.5, representing the Borexino-like sce-
nario. First of all, we want to underline the differences between the TFC-subtracted
(left panel) and the TFC-tagged datasets (right panel).

The 11C bump is more relevant in the former than in the latter, as expected
thanks to the TFC action. The impact of other cosmogenic isotopes ´ 10C and 6He
´ can be neglected in the TFC-subtracted spectrum since their contribution is ex-
tremely low.

For what concern the properties of a single dataset, moving from the lower
energy to the higher one, we find the features described below. At « 1000 p.e.2

we find the peculiar 7Be Compton edge which superimposes one of the multiple
238U chain α-peaks. The 232Th chain exhibits various α-peaks as well, all along the
energy range of interest. At « 750 p.e. we have the well-recognizable 210Po α-
peak. The identification of these peaks can be further improved thanks to particle
identification techniques [74]. Moreover, with an endpoint at « 1100 p.e., we find
the 85Kr anonymous shape, with no specific details helping the fit to recognize it.

At higher energy, the spectrum is widely dominated by the 11C background,
whose energy spectrum starts at « 1200 p.e.. All along the energy region of interest,
we find the pep-ν and the CNO-ν spectra as well as the similar 210Bi background
spectrum shape. Finally, we have the 40K contribution, whose γ emission peak at
« 2100 p.e. helps the fit to distinguish its spectrum from the other pure β spectra.

On the other hand, for what concerns the differences between the disparate
radiopurity scenarios, by moving from the bottom panels to the centrals and top

2Reminding that 1000 p.e. « 860 keV.
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Figure 4.5: Example of reconstructed energy spectra for pseudo-datasets employed for
the sensitivity analysis (black curves) and the isolated contributions of neutrinos and
backgrounds (other colors), assuming one year of data-taking. The TFC-subtracted and
TFC-tagged datasets are reported in the left and right columns respectively; top pan-
els, top-central panels, bottom-central panels and bottom panels refer to IBD, baseline,
ideal and Borexino-like internal radioactivity scenario respectively. The TFC algorithm
parameters are TP “ 0.90 and SE “ 0.70.
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ones, i.e. from the Borexino-like to ideal, baseline and IBD scenario, one can observe
an increase in the internal backgrounds levels, while neutrinos and 11C amounts are
unchanged.

4.6 Spectral fit: MUST and JUST

The spectral fit, which returns the reconstructed rates for all the neutrino and back-
ground species, represents the last step of this analysis strategy. In order to enhance
the robustness of our results, I have performed the fit with two independent soft-
ware tools (MUST and JUST), based on the same fitting principles (see Sec. 4.6.1).
The fitters validation and the compatibility of the results will be extensively dis-
cussed in Chapter 5.

Historically, MUST [75] (Milano nUsol Sensitivity Tool) was the first of the two
tools developed thanks to the efforts of the Milano research group. The MUST
fitting procedure has been validated against GooStats, the official Borexino multi-
variate fitting framework [76]; the relative errors of the species rates are equivalent
at the 0.1% ´ 1% level [77].

On the back of enthusiasm given by MUST, the Jülich research group decided
to develop its own tool as a way to cross-check the results given by the Milano
software. That was how JUST [78] (Jülich nUsol Sensitivity Tool) came to light, as
suggested by the affinity of the names. During my thesis experience, I have spent
some months hosted by the Jülich group as an Erasmus student, giving a contribu-
tion to the JUST development. Due to it, in the following of this work I will dedicate
some part to its description. Particularly, in Chapter 5 I will give an overview of
JUST structure, while a detailed exposition will be given in Appendix A.

4.6.1 Fitting approach

In this Section, the details of the multivariate binned likelihood fit used in the sen-
sitivity analysis are outlined. The fitting strategy relies on the PDFs produced as
discussed in 4.3 and 4.4: they are exploited to create the pseudo-datasets, as de-
scribed in Sec. 4.5, and they are also considered as the model for the fit.

Practically, each dataset is a histogram with k energy bins, labelled with i “

1, . . . , k, where each bin contains ni events. The likelihood is a standard Poisson
binned likelihood function:

Lpn⃗|λ⃗pN⃗qq “

k
ź

i“1

e´λi λni
i

ni!
(4.4)

where λi is the total expected number of events in the i-th energy bin. λi de-
pends on the number of events for each species N⃗ “ pN1, . . . , Nspq:
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λi “

Nsp
ÿ

m“1

Nm fm,i (4.5)

where Nsp is the total number of species and fm,i is the fraction of events in the
i-th energy bin for the species m. The numbers of events Nm for each species, both
for neutrinos and for backgrounds, are the fit parameters to be determined during
the likelihood optimization. These numbers can be converted into reconstructed
rates, returned by the fitters output assuming no threshold efficiency, through Rm “

Nm{E , where E is the exposure.
The two TFC-subtracted and TFC-tagged datasets are simultaneously fitted.

Consequently, the likelihood involved is given by the product of the Subtracted and
Tagged likelihoods, L “ LSub ¨ LTag, both described by eq. 4.4, effectively reduc-
ing the problem to a simple binned likelihood fit. More specifically, we minimize
the negative log-likelihood to allow for an easy addition of potential Gaussian con-
straints on nuisance parameters, as showed in eq. 4.6:

L Ñ ´2 lnL `

ˆ

N ´ N
σN

̇2

(4.6)

where N ˘ σN is the value we want to constraint a specific parameter. This pro-
cedure represents an intermediate way between fixing and letting a parameter free
to vary, allowing to include in the fit the information coming from an independent
measurement.

Fitting the two mentioned sub-datasets simultaneously is decisive to improve
the sensitivity on solar neutrinos. Let’s report here a brief example. I have per-
formed 500 fits in the fit configuration where CNO-ν has been constrained to the
HZ-SSM value and I have assumed the baseline radiopurity scenario. The improve-
ments on 7Be-ν and pep-ν uncertainties are respectively « 10 % and « 4 % when
fitting both the TFC-Subtracted and the TFC-Tagged datasets with respect to fit only
the TFC-Subtracted one. Since the 7Be-ν spectrum doesn’t overlap the 11C one, its
improvement is only due to the increase in statistics. On the other hand, the pep-ν
spectrum widely superimposes on 11C one. The improvement on pep-ν sensitivity
is therefore less pronounced due to the smaller signal over background ratio with
respect to the 7Be-ν energy spectrum region.

Let’s now discuss more in detail the fit parameters. The TFC-subtracted and
TFC-tagged datasets are statistically independent, but share many fit parameters:
the neutrino (7Be-ν, pep-ν, CNO-ν) and internal radioactivity (210Bi, 210Po, 85Kr, 40K,
238U chain, 232Th chain) number of events. The 11C is present in both the datasets,
but with two different rates since the TFC algorithm is applied. In order to properly
take this into account, two independent parameters are included in the likelihood:
a 11C rate for the TFC-subtracted dataset (named 11Csub), and a 11C rate for the
TFC-tagged dataset (named 11Ctag).
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Being Esub “ E ¨ SE and Etag “ E ¨ p1 ´ SEq the exposures relative to the TFC-
subtracted and TFC-tagged datasets, respectively, considering TFC performances
equal to SE “ 0.70 and TP “ 0.90, the two different 11C rates can be calculated as
follows3. We set the conservation of the number of events, i.e.

N i “ N i
sub ` N i

tag (4.7)

where N i is the total number of events for the i-th species, while N i
sub and N i

tag
are the number of events for the i-th species in the TFC-subtracted and TFC-tagged
datasets, respectively. We notice that eq. 4.7 can be written as:

Ri ¨ E “ Ri
sub ¨ Esub ` Ri

tag ¨ Etag (4.8)

where Ri is the rate associated to the whole exposure, while Ri
sub and Ri

tag are
the rates in the TFC-subtracted and TFC-tagged datasets, respectively. Therefore,
for the 11Csub and 11Ctag rates we obtain:

R11C
sub “ R11C ¨ p1 ´ TPq and R11C

tag “
R11C ¨ E ´ R11C

sub ¨ Esub

Etag
(4.9)

In this way, since the two parameters are independent, we do not assume to
know a priori the TFC performances when fitting; conversely, once we will have
real datasets, we will extract them from the fit results.

The importance of other cosmogenic isotopes is suppressed thanks to their low
fluxes and to the detector veto after each muon crossing (see Chapter 3). For this
reason, only the other two most abundant isotopes 10C and 6He are taken into ac-
count, sampling their spectrum only for the TFC-Tagged datasets and including
their rates as free parameters.

3As a reminder, let’s reiterate that SE is the TFC Subtracted Exposure, while TP the TFC Tagging
Power. See Section 3.2.3 for more details.
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CHAPTER 5

Software tools for solar neutrinos analysis and
sensitivity

The sensitivity analysis for intermediate energy solar neutrinos is based on a mul-
tivariate spectral fit, which returns as output the neutrinos and backgrounds rates
after the minimization of a negative log-likelihood.

As already mentioned in Chapter 4, the analysis has been carried out by means
of two different software tools. They are called MUST (Milano nUsol Sensitivity
Tool) and JUST (Jülich nUsol Sensitivity Tool) and, as the names suggest, they have
been implemented independently by the two research groups of Milano and Jülich.
These tools accomplish two goals: the generation of the pseudo-datasets necessary
to perform the sensitivity studies and the fit on a dataset, real or Monte Carlo.
MUST and JUST share the basic fitting principles even if the codes are organized
in completely different structures. Having two separate tools is fundamental to
validate the analysis reported in this work thus enhancing the reliability of the
results.

This Chapter is organized as follows. In Section 5.1 I will present a general
overview of JUST, including its architecture and usage. Then, to test the compati-
bility of the results provided by MUST and JUST, in Section 5.2 I will give a proof
of their equivalence. Particularly, in Section 5.2.1 the toy generation validation is
addressed, while in Section 5.2.2 the fitting procedure.

5.1 JUST: a look under the hood

The Jülich nUsol Sensitivity Tool [78] (JUST) is a fit software developed for JUNO
solar neutrinos analysis and sensitivity. The main goal of JUST is to perform a
binned likelihood fit on an arbitrary number of histograms. It is designed to be
as flexible as possible during any sensitivity studies. It is written in c++ using the
c++14 standard. JUST can be used either to do a real-data analysis by fitting an
existing dataset or to perform massive sensitivity studies. In this latter case, the
implemented procedure is divided into two steps. First of all, JUST takes care of
the toy dataset generation by randomly sampling the number of events for each
species and then poissonianly fluctuating it. After repeating this process for an
enough number of times, the sum of all these sampled events will then assemble
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the histogram to fit. The outputs from each individual fit are then saved for later
sensitivity studies, both in a text file format and a ROOT file.

The architecture of JUST is fully modular, meaning that any module can in prin-
ciple be removed and replaced if needed, making testing and development seam-
less. Its structure consists in six modules, all of them called by the Main.cpp, acting
as an organiser. A schematic depiction of it is given in Fig. 5.1.

Figure 5.1: Schematic depiction of JUST architecture, together with the input and out-
put files needed.

The modules are called in the following order:

1. Parser reads the configuration files and the command line arguments; then it
arranges all the information to be readable for the successive modules;

2. DataReader opens different ROOT files ´ for PDFs and data ´ and analyze
them. To gain speed of « 3.5 times in the fitting procedure, it also converts
ROOT histograms into c++ vectors;

3. ToyDataGenerator creates a generator for pseudo-data to be used in the fitter,
by poissonianly sampling the numbers of events that will create the pseudo-
datasets. This step is repeated N times, being N the number of toy-fits the
user wants to perform;

4. Fitter either carries out a fit on data or iteratively fits each newly obtained
pseudo-dataset through the minimization of the negative log-likelihood ´2 lnL;

5. FitResults extracts the results from the fits, only keeps the relevant parameters
(the number of reconstructed events and their uncertainties, the χ2/NDF, etc.)

66



CHAPTER 5. SOFTWARE TOOLS FOR SOLAR NEUTRINOS ANALYSIS AND

SENSITIVITY

and converts them to more physically interpretable results, e.g. it converts the
results from counts to cpd/kton;

6. OutputManager finally takes the FitResult objects to create plots and write all
necessary on the output files. JUST gives as output both a text file, containing
for each of the N fits the results ´ e.g. rates in counts and cpd/kton, χ2/NDF,
the correlation and the covariance matrices ´ and some inputs of interest ´

e.g. the exposure and the fitting range ´ and a ROOT file, including all the
relevant information organized in TTrees.

For what concerns the software usage, JUST is launched as a simple c++ exe-
cutable with different configuration files whose paths must be specified as com-
mand line arguments.

The first configuration file, commonly referred to as “general options”, contains
the details needed related to the fit configuraion. These include for example the
paths of the data and PDFs files, the fit range, the exposure, the number of toy-data
fits to perform, and the names of the histograms in the ROOT files.

The second, the so-called “species list”, contains information about all of the
PDFs used to fit the histograms, including the initial guesses for the fitter. For each
PDF, the user must specify a parameter name and a histogram in which this PDF or
parameter should be considered. It is also possible to use “species list” to indicate
whether a parameter is free, fixed or constrained in the fit with a Gaussian pull-
term (see eq. 4.6).

Finally, the third configuration file ´ “toy rates” ´ includes information con-
cerning the creation of the toy-data spectra, including all of the species, their cor-
responding interaction rates and the PDFs names. These can be different from the
“species list” ones thus allowing to fit the same data under different model assump-
tion, and vice-versa.

5.2 Validation procedure between MUST and JUST

To be confident that the sensitivity results we performed with MUST and JUST are
compatible within a certain level of agreement, a careful sequence of cross-checks
is fundamental.

Particularly, the validation procedure has been divided into two steps described
in the next sections: the toy generation and the fitting procedure validations.

5.2.1 Toy generator validation

To validate the generation of the pseudo-datasets, I looked at the distributions of
the rates (or equivalently, the number of events) of the generated events. For each
species, I have run 104 simulations and, starting from the injected rates given as
inputs, the fitters then converted internally the mentioned rates into counts and

67



5.2. Validation procedure between MUST and JUST

fluctuate them gaussianly or poissonianly. I have repeated this procedure with
both MUST and JUST, considering the same input injected rates.

The results for 7Be-ν, pep-ν and CNO-ν are shown in Fig. 5.2. The top part of
each plot illustrates the distributions of the fluctuated rate for both MUST (green
histograms) and JUST (blue histograms) together with a red vertical line represent-
ing the value of the injected rate. On the other hand, the bottom part of each plot
shows the histogram of the entries difference between MUST and JUST, bin per bin.
By looking at the results, we can immediately notice that, for each species, the dis-
tributions are approximately centered on the injected rate for both MUST and JUST.
The JUST distributions appear systematically À 10 % broader with respect to the
MUST ones. This fact could be ascribed to the different approach in the fluctuation
of the events. In particular, MUST extracts the number of events from a gaussian
distribution with mean equal the “injected” Nevents and standard deviation equal
to

?
Nevents; oppositely, JUST extracts it from a poissonian distribution with mean

equal to Nevents.

5.2.2 Fitter validation

Besides the toy generator validation, the next step is the evaluation of the fitting
procedure itself.

To achieve this goal, I have compared the results given by MUST and JUST
when fitting separately 2000 pseudo-datasets. First of all, I have generated the
pseudo-datasets independently from the two tools: then MUST and, sequentially,
JUST fitted them one by one. The fit configuration chosen to perform these stud-
ies considers one year of data-taking and a fiducial volume radius of 14 m. Fur-
thermore, the internal backgrounds rates have been treated according to the ideal
radiopurity scenario (see Chapter 3), while the neutrinos rates are based on the HZ-
SSM predictions. All the parameters have been left free to vary but the pep-ν rate,
which was constrained to the value based on the HZ-SSM.

As last step, both the MUST and JUST output reconstructed rates and their un-
certainties have been saved for a comparison. Particularly, to compare the results
for each dataset i and for each species j two quantities have been calculated. Firstly,
the bias on the reconstructed rates between MUST and JUST, whose formula is ex-
pressed in equation 5.1:

Bij r%s “ 100 ¨
RM

ij ´ RJ
ij

RM
ij ` RJ

ij

¨ 2 (5.1)

where RM
ij is the reconstructed rate given by MUST for the species j and the

dataset i and RJ
ij is the analogous for JUST. Ideally, to have an optimal level of

agreement between the two fitters, Bij should be compatible to zero for every i, j.
The second quantity evaluated is the relative error difference on the reconstructed
rates between MUST and JUST, given by the equation 5.2:
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Figure 5.2: 7Be´ν (top panel), pep´ν (central panel) and CNO´ν (bottom panel) toy
generation results. For each panel, the top part shows the toy distributions for both
MUST (green) and JUST (blue) for 104 simulations performed. The red vertical line is
the value of the injected rate. The bottom part represents the relative entries difference
between MUST and JUST.
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Eij r%s “ 100 ¨

ˆ σM
ij

RM
ij

´
σJ

ij

RJ
ij

̇

(5.2)

where σM
ij and σJ

ij are the standard deviations of the reconstructed rates for the
species j and the dataset i, for MUST and JUST respectively. Also in this case we
expect Eij to be compatible to zero for every i, j.

For 7Be-ν, pep-ν and CNO-ν the distributions of the results concerning both the
reconstructed rates and the standard deviations are shown in Fig. 5.3, respectively
in the left and right panels. Conversely, the results for every species are summa-
rized in Table 5.1.

Species B [%] E [%]
7Be-ν 2.4 ¨ 10´4 ´3.6 ¨ 10´4

pep-ν 5.7 ¨ 10´5 2.3 ¨ 10´3

CNO-ν 1.5 ¨ 10´3 8.9 ¨ 10´2

210Bi 2.8 ¨ 10´5 1.2 ¨ 10´2

210Po ´1.4 ¨ 10´4 ´4.3 ¨ 10´4

40K 3.7 ¨ 10´4 6.0 ¨ 10´3

85Kr ´1.1 ¨ 10´3 ´1.4 ¨ 10´2

238U ´3.7 ¨ 10´5 ´1.1 ¨ 10´3

232Th 9.9 ¨ 10´6 2.3 ¨ 10´3

11Csub ´6.9 ¨ 10´5 4.7 ¨ 10´4

11Ctag ´7.9 ¨ 10´5 1.5 ¨ 10´5

Table 5.1: The percentage bias on the reconstructed rates between MUST and JUST
(second column) and the percentage error difference on the reconstructed rates be-
tween MUST and JUST (third column) for every species. Both of them are extracted as
the mean of the corresponding distributions, whose examples for 7Be´ν, pep´ν and
CNO´ν are shown in Fig. 5.3.

As we can see from the Table 5.1, an excellent level of agreement between the
two fitter has been achieved: particularly, both the B and E values are compatible
to zero for every species.

Therefore, we can conclude that MUST and JUST can be considered equivalent
and appropriate for the solar neutrinos sensitivity analysis, leading to independent
and compatible results.
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Figure 5.3: 7Be´ν (top panel), pep´ν (central panel) and CNO´ν (bottom panel) fitter
validation results. For each panel, the left part shows the distribution of the bias on
the reconstructed rates between MUST and JUST, while the right panel shows the dis-
tribution of the relative error difference on the reconstructed rates between MUST and
JUST.
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CHAPTER 6

Results on 7Be, pep and CNO neutrinos sensitivity

The following Chapter is devoted to the description on the sensitivity results to
7Be, pep and CNO solar neutrinos. The achievable precision to intermediate energy
neutrinos fluxes is strongly related to the overall detector exposure and to the sig-
nal over background ratio, which in turn depends on the scintillator radiopurity
levels. The sensitivity analysis has been performed as a function of different ex-
posures and different background rates, thus allowing us to optimize the methods
and foresee the most crucial aspects impacting the analysis before the beginning of
the data-taking. Because of that, a set of four plausible radiopurity scenarios has
been considered for this analysis (see Chapter 3). Moreover, the impact of possi-
ble variations from the starting conditions of background contaminations has also
been addressed.

The Chapter is structured as follows. In Sec. 6.2 and 6.3, I will present the results
concerning the sensitivity on 7Be and pep neutrinos, respectively. The results on
CNO neutrinos sensitivity will be described in Sec. 6.4, while the case in which the
13N and 15O contributions are separately treated is discussed in Sec. 6.4.4.

6.1 Standard fit configuration

To quantitatively evaluate the JUNO sensitivity to intermediate energy solar neu-
trinos, the analysis procedure has been carefully described in Chapter 4. Here we
remind that the multivariate fit has been performed on a large number of pseudo-
datasets (Á 104), assessing the average extracted rates for signal and background
and the corresponding average uncertainty. It’s worth to point out that all the stud-
ies presented in this work considers only the statistical uncertainties on the neu-
trino rates and not the systematic ones. This means that the backgrounds spectral
shapes are assumed to be known with high precision, such that the systematic error
related to the shapes knowledge is kept under control.

The standard fit configuration employed, unless otherwise stated, consists in
all the signal and background rates left free to vary. The default fiducial volume is
a rFV ă 14 m radius sphere; the selected fit range is 650 p.e. ă mNQE ă 2400 p.e.,
roughly corresponding to a scattered e´ kinetic energy range 0.45 MeV ă Evis ă
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1.7 MeV; the TFC performances parameters considered are TP = 0.90 and SE = 0.70,
respectively.

An exemplary sensitivity outcome can be obtained by analyzing the correla-
tion plots shown in Fig. 6.1, referred to the baseline radiopurity scenario. The red
histograms display the distributions of the extracted rates for each of the species,
in cpd/kton units. The distributions are gaussians and centered on the injected
values (black vertical lines) without showing any significant biases with respect to
the rates used as simulation inputs: this confirms the feasibility of a solar neutrino
measurement with JUNO. For each component, the statistical error is given by the
distributions width. On the other side, the non-diagonal 2D distributions show the
correlation plots among the different species. We notice a strong correlation be-
tween pep-ν and 210Bi, while CNO-ν are highly anti-correlated with pep-ν and 210Bi.
These behaviours originate from the similar spectral shapes pep-ν, CNO-ν and 210Bi
share, as discussed more in detail in Sec. 6.4.

6.2 Sensitivity results on 7Be neutrinos

The sensitivity on 7Be solar neutrinos is mainly driven by two factors: the collected
statistics and the signal over background ratio, which in turns depends on the ra-
diopurity levels.

Due to the overlap of the energy spectra showed in Fig. 6.2, the 7Be-ν precision
can be influenced especially by 85Kr, 210Po and 226Ra backgrounds levels.

The fit configuration for the 7Be-ν sensitivity results is now described. The
datasets are built injecting the neutrino rates according to the HZ-SSM predicted
values (see Table 1.2), while the internal background rates are selected according to
one of the four radiopurity scenarios defined in Sec. 3.2.1 (IBD, baseline, ideal and
Borexino-like).

6.2.1 Impact of the exposure on 7Be-ν sensitivity

As previously written, the sensitivity to solar neutrinos depends on the collected
statistics, thus on the data-taking duration. Because of that, it’s interesting to show
the relative uncertainty trend as time goes by.

In particular, the relative uncertainty of 7Be neutrino rates as a function of data-
taking time (bottom scale) and exposure (top scale) is shown in Fig. 6.3 for the
four radiopurity scenarios. Borexino-like, ideal, baseline and IBD radiopurity sce-
nario trends are displayed respectively in orange, green, light blue and blue dotted
lines. The dot markers represent the simulated points. The best Borexino result is
reported as the black dashed horizontal line.

The relative error trends approximately follow the power law relation:

σR

R
“ a ` bE´1{2 (6.1)
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Figure 6.1: Correlation plots for an exemplary sensitivity study, performing 104 fits in
the baseline scenario. The red histograms display the distributions of the extracted
rates, expressed in cpd/kton units. The non-diagonal 2D distributions are the correla-
tion plots among the different species.

where E is the dataset exposure, while a and b are coefficients depending on the
neutrino species and on the selected radiopurity scenario. This power law expo-
nent is due to the increasing statistics, for which one can poissonianly assume that
σR „

?
E . The curves depicted in Fig. 6.3 represent the fitted curves on the data

points. For each radiopurity scenario, the a and b parameters extracted from the fit
are summarized in Table 6.1, together with the χ2/NDF values. One can see that
the simulated points are in good agreement with the power law relation showed in
eq. 6.1: this is also proved by the low χ2/NDF values equal to « 10´5 ´ 10´4.

From the results illustrated in Fig. 6.3, we resolve that JUNO will reach compet-
itive uncertainties on 7Be-ν even after 1 year of data-taking in all the radiopurity
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Figure 6.2: 7Be-ν, 85Kr, 210Po and 226Ra reconstructed energy spectra, expressed in
photoelectrons. The black line represents the dataset assuming the baseline scenario.
It is clear that all these energy shapes overlap significantly.
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Figure 6.3: The relative uncertainty of 7Be neutrino rates as a function of exposure.
Borexino-like, ideal, baseline and IBD radiopurity scenario trends are shown respec-
tively in orange, green, light blue and blue dotted lines. The dot markers represent the
simulated points. The Borexino best result is reported as the black dashed horizontal
line.

scenarios: « 3 % (IBD), « 1 % (baseline), « 0.5 % (ideal) and « 0.3 % (Borexino-
like). In all the radiopurity scenarios but the IBD one, after 2 years of data-taking
we are significantly confident that JUNO will measure the 7Be-ν rate better than
what previously done by Borexino. Finally, after 6 years of data-taking, in all the
scenarios but the IBD one, 7Be neutrinos can be detected with a statistical uncer-
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a ˘ σa b ˘ σb rpkton ¨ daysq1{2s χ2/NDF

Borexino-like p9.7 ˘ 3.7q ¨ 10´3 p4.50 ˘ 0.04q ¨ 10´1 1 ¨ 10´5

Ideal p´5.7 ˘ 5.9q ¨ 10´3 p5.9 ˘ 0.1q ¨ 10´1 4 ¨ 10´5

Baseline p2.8 ˘ 2.5q ¨ 10´2 1.06 ˘ 0.03 7 ¨ 10´4

IBD p4.4 ˘ 2.7q ¨ 10´2 2.94 ˘ 0.03 8 ¨ 10´4

Table 6.1: Results of the parameters extracted from the fit on 7Be-ν uncertainty over
the time with the power law eq. 6.1. The first, second and third columns show a, b and
the χ2/NDF, respectively.

tainty À 1 %.

6.2.2 Impact of 85Kr background on 7Be-ν sensitivity

As described in Chapter 3, the 85Kr isotope is a β-emitter whose spectral shape is
very similar to the electron recoil spectrum due to 7Be neutrinos. Previous neutrino
experiments reports how 85Kr could be absorbed by the acrylic surface during its
construction due to air exposures, and then it could be emanated into the scin-
tillator after the detector filling. The 85Kr rate present in the scintillator strongly
depends on the diffusion coefficient through acrylic, which is still not known pre-
cisely. Consequently, this section aims to study the 85Kr rate impact on the 7Be-ν
sensitivity.

This has been done by scaling the 85Kr rate for the four radiopurity scenarios,
starting from the default value, up to three orders of magnitude more. The results
are shown in Fig. 6.4.

As expected, the 85Kr rate increase impacts on the 7Be-ν statistical uncertainty.
In particular, for the Borexino-like, ideal and baseline scenarios it is almost quadru-
pled going from the standard 85Kr value to the 103 times case. In case of IBD sce-
nario, when the 85Kr rate is increased of a factor 500, the fit is no more able to
accurately determine the 7Be-ν rate, due to the tiny signal over background ratio.

6.2.3 Impact of 210Po background on 7Be-ν sensitivity

As outlined in Chapter 3, 210Po is an α-emitter whose spectral shape consists in a
gaussian peak, shifted in the analysis ROI because of the quenching effects hap-
pening in the liquid scintillator. More specifically, the peak is expected near 700
p.e. and can be clearly seen to the left of the characteristic 7Be-ν shoulder (see for
example Fig. 6.2). In Table 3.2 we assumed that the 210Po in the detector is coming
solely from the 210Pb and 238U decay chains. However, as reported by the Borex-
ino experiment [61], the scintillator could be contaminated with 210Po supported
neither by the 210Pb nor by the 223U chains, which could be washed out from the
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Figure 6.4: The relative uncertainty of 7Be neutrino rates as a function of of the rate
of 85Kr for 1 year of data-taking. Borexino-like, ideal, baseline and IBD radiopurity
scenarios are shown respectively in orange, green, light blue and blue.

surface of the pipes used to fill the detector.
Because of these reasons, we have studied the effect of potentially large amounts

of unsupported 210Po on the sensitivity of 7Be solar neutrinos. Therefore, starting
from the four standard radiopurity scenarios, we injected an increasing rate of
210Po: from 0 cpd/kton to 8 ¨ 106 cpd/kton. It’s worth to emphasize that 210Po
has a mean lifetime of « 138 days: therefore, by waiting for a sufficient amount of
time, it would naturally decay and its rate would decrease. The results of this study
are illustrated in Fig. 6.5. However, when considering the Borexino-like, ideal and
baseline scenarios, the sensitivity on 7Be-ν is still better than the Borexino best re-
sult (« 2.7 %) until a 210Po rate equal to 4 ¨ 106 cpd/kton. On the other hand, in the
IBD scenario, going from an unsupported 210Po rate of 104 cpd/kton (i.e. the stan-
dard IBD scenario) to 8 ¨ 106 cpd/kton, the 7Be-ν relative uncertainty goes from « 3
% to « 6.5 %.

6.2.4 Impact of out-of-equilibrium 226Ra background on 7Be-ν sensitiv-
ity

The 226Ra isotope is part of the 238U chain and it is usually assumed to be in equi-
librium within the chain. Nonetheless, an extra out-of-equilibrium 226Ra contam-
ination, may be present in the water or in the scintillator because of the detector
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Figure 6.5: The relative uncertainty of 7Be neutrino rates as a function of of the amount
of unsupported 210Po for 1 year of data-taking. Borexino-like, ideal, baseline and IBD
radiopurity scenarios are shown respectively in orange, green, light blue and blue.

filling operations. This 226Ra additional contamination, whose spectrum identifi-
cation is eased by the prominent α peaks, does not introduce new features in the
reconstructed energy spectrum. The results are displayed in Fig. 6.6. Taking into
account that the JUNO detector requirements foresee the 226Ra rate to be À 1.42
cpd/kton, we have performed this study moving from a 226Ra rate of 0 cpd/kton
to 142 cpd/ton, i.e. 10 times the design requirements. The 7Be-ν relative statisti-
cal uncertainties almost double for all the radiopurity scenarios, reaching « 1 %
(Borexino-like scenario), « 1.5 % (ideal scenario), « 2.2 % (baseline scenario) and
« 5.3 % (IBD scenario). We can thus conclude that an out-of-equilibrium 226Ra
contribution can be easily identified by the multivariate fit and does not spoil the
analysis, although it has some impact on the overall uncertainty of the 7Be-ν mea-
surement.

6.3 Sensitivity results on pep neutrinos

The sensitivity on pep neutrinos is strongly influenced by the signal over back-
ground ratio. Consequently it’s extremely important to reduce as possible the back-
ground levels, especially the 210Bi and the 11C, whose identification is helped by
the TFC algorithm (see Chapter 3). Moreover, the similarity between the pep-ν and
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Figure 6.6: The relative uncertainty of 7Be neutrino rates as a function of of the 226Ra
rate for 1 year of data-taking. Borexino-like, ideal, baseline and IBD radiopurity sce-
narios are shown respectively in orange, green, light blue and blue.

CNO-ν spectral shapes further complicates the pep-ν measurement. Fig. 6.7 shows
pep-ν, CNO-ν, 210Bi and 11C spectra, highlighting the overlapping of the mentioned
spectral shapes. The fit configuration employed for the pep-ν sensitivity is the same
used for 7Be-ν sensitivity and illustrated in Sec. 6.2.

6.3.1 Impact of the exposure on pep-ν sensitivity

First of all, we have studied the impact of the exposure on the pep-ν sensitivity. The
relative uncertainty of pep-ν rates as a function of data-taking time (bottom scale)
and exposure (top scale) is shown in Fig. 6.8.

As described in Sec. 6.2.1, the curves plotted in Fig. 6.8 have been obtained
through a power law fit according to eq. 6.1, from which the parameters a, b and
the χ2/NDF values are extracted and reported in Table 6.2. Also in this case, the
simulated points are in good agreement with eq. 6.1.

From the results illustrated in Fig. 6.8, we can conclude that in the IBD scenario
JUNO will be sensitive to pep-ν only after 2 years, due to the too large amount of
backgrounds. Nonetheless, in all the other radiopurity scenarios (baseline, ideal
and Borexino-like) JUNO will achieve competitive results, better than the Borexino
best result even only after 1 year (« 15 % baseline, « 9 % ideal and « 8 % Borexino-
like). After 10 years, JUNO can achieve a pep-ν sensitivity of « 5 %, « 3 % and
« 2.5 % in baseline, ideal and Borexino-like scenarios, respectively.

In the fit configuration we considered so far, where all the species are left free
to vary, JUNO does not always have the good enough sensitivity to identify the
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Figure 6.7: pep-ν, CNO-ν, 210Bi and 11C reconstructed energy spectra, expressed in
photoelectrons. The black line represents the dataset assuming the baseline scenario.
It is clear that all these energy shapes overlap significantly.
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Figure 6.8: The relative uncertainty of pep neutrino rates as a function of exposure.
Borexino-like, ideal, baseline and IBD radiopurity scenario trends are shown respec-
tively in orange, green, light blue and blue dotted lines. The dot markers represent the
simulated points. The Borexino best result is reported as the black dashed horizontal
line.

pep neutrinos, as for example in the IBD scenario. Because of this fact, it could be
useful to help the fit by imposing a constraint on some rate species problematic for
the pep-ν rate determination. In this regard, the most suitable species candidates
for this role are the CNO-ν or 210Bi. Indeed, as one can see in Fig. 6.9, the pep-ν rate
is strongly anti-correlated to the CNO-ν rate and correlated to 210Bi rate, due to the
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6.3. Sensitivity results on pep neutrinos

a ˘ σa b ˘ σb rpkton ¨ daysq1{2s χ2/NDF

Borexino-like 1.3 ¨ 10´1 ˘ 8 ¨ 10´2 7.29 ˘ 0.09 7 ¨ 10´3

Ideal 2.4 ¨ 10´1 ˘ 1.2 ¨ 10´1 8.7 ˘ 0.1 2 ¨ 10´2

Baseline 8.7 ¨ 10´1 ˘ 2.8 ¨ 10´1 13.7 ˘ 0.3 8 ¨ 10´2

IBD 1.3 ¨ 10´1 ˘ 7.8 ¨ 10´2 7.29 ˘ 0.09 6.6 ¨ 10´3

Table 6.2: Results of the parameters extracted from the fit on pep-ν uncertainty over the
time with the power law eq. 6.1. The first, second and third columns show a, b and the
χ2/NDF, respectively.

overlapping of the energy spectra.

Figure 6.9: Results of the multivariate fits of 104 Monte Carlo pseudo-experiments for
the two components expected to influence the most the sensitivity to pep-ν signal (CNO
neutrinos and 210Bi). The red histograms represent the extracted rate of the species, and
are distributed around the injected value (the black lines). The non-diagonal frames
show the species correlation plots.

6.3.2 Impact of a 210Bi constraint on pep-ν sensitivity

The isotope 210Bi is a β-emitter with a short lifetime of « 7 days. The similarity
between pep neutrinos and 210Bi energy spectra gives rise to the strong correlation
shown in Fig. 6.9. Because of that, it might be interesting to investigate the effects on
a constraint on the 210Bi rate, which may help the fit to more easily identify the pep-
ν rate. Nevertheless, finding a proper constraint for the 210Bi rate is anything but
trivial. An option could be to exploit the α particles from the 210Po decay as tracers
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of 210Bi, selected event-by-event by means of the pulse-shape discrimination tech-
nique, like previously done in the Borexino experiment [37]. To improve the 7Be-ν
relative uncertainty with respect to the fit configuration where no constraints are
included, it is necessary to constrain the 210Bi rate with a precision À 1%. How-
ever, such a level of precision is presumably extremely hard to achieve, especially
due to possible convective motions inside the liquid scintillator. Therefore, we can
conclude that a constraint on the 210Bi rate would not be meaningful in this case.

6.3.3 Impact of 11C background on pep-ν sensitivity

The 11C isotope is the most abundant cosmogenic nuclide present in the analysis
ROI. Since the spectral shape of pep neutrinos is partially shadowed by the 11C energy
spectrum, as depicted in Fig. 6.7, we expect the 11C to affect the uncertainty on
pep-ν. Therefore, an efficient identification of 11C through the TFC algorithm (see
Chapter 3) is important in order to keep this annoying background under control.

We thus evaluated the impact of the TFC-parameters, i.e. Tagging Power (TP)
and Subtracted Exposure (SE), on the pep neutrinos sensitivity. Ideally, TP and SE
should be as high as possible, in order to enhance the pep signal over background
ratio: an ideal 11C tagging technique should identify all the 11C events (TP “ 1)
without losing any exposure in the TFC-Subtracted dataset (SE “ 1).

To perform this study, we ran the multivariate fit 5000 times for each TP vs.
SE configuration, considering 6 years of data-taking, in the Borexino-like, ideal,
baseline and IBD scenarios. Particularly, we consider 0.60 ď TP ď 0.95 and 0.60 ď

SE ď 0.95, omitting the case TP “ 1 and SE “ 1 since not realistically achievable.
The results for pep-ν precision in the four radiopurity scenarios are shown in top
left, top right, bottom left and bottom right panels of Fig. 6.10, respectively. The
color scale represents the pep neutrinos uncertainties relative to the values obtained
when TP “ 0.9 and SE “ 0.7.

As expected, the TFC-parameters notably impact the pep-ν sensitivity. The pep-
ν rate uncertainties show different behaviours depending on the scenario we are
considering. As we can see in Fig. 6.10, moving from the Borexino-like to IBD
scenarios, the impact of the TFC-parameters decrease as we can notice from the
smoothing of the color gradient. This can be explained by considering that the
internal backgrounds reach such a high level of contamination that the signal over
background ratio is not influenced by the TFC anymore. Indeed, in this case, the
11C isotope does not represent the dominant source of background in this energetic
region.

Moreover, the TP impact is always much larger with respect to the SE one: in
fact, the pep-ν rate precision is almost doubled from TP “ 0.60 to TP “ 0.95. This
means that the ability of identifying the 11C that is to have a 11C-depleted dataset, is
more relevant than the fraction of events included in the TFC-Subtracted spectrum.
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Figure 6.10: The pep neutrinos rate uncertainties (color scale) as a function of TP (x-
axis) and SE (y-axis), after 6 years of data-taking. The z-axis (color scale) represents
the pep neutrinos uncertainties relative to pep uncertainty when TP = 0.9 and SE = 0.7
(here named Golden Configuration for convenience). Borexino-like, ideal, baseline and
IBD scenarios are respectively shown in top left, top right, bottom left and bottom right
panels.
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CHAPTER 6. RESULTS ON 7BE, pep AND CNO NEUTRINOS SENSITIVITY

6.4 Sensitivity results on CNO neutrinos

As depicted in Fig. 6.7, CNO neutrinos energy spectrum lies in the same energy
range of pep neutrinos, 210Bi and 11C. Therefore, the determination of the CNO-ν
rate is made more difficult given the correlations show in Fig. 6.9.

The strategy to investigate the CNO-ν sensitivity is the following. Firstly, we
started by performing 104 multivariate fits in the configuration where all the species
are left free to vary. In this case, we have studied the CNO-ν uncertainty over the
exposure and the impact of the 11C (see Sec. 6.4.1 and Sec. 6.4.2). Then, to enhance
the CNO-ν sensitivity we put a constraint on the pep-ν rate based on the HZ-SSM
predictions (see Sec. 6.4.3). In this case, to confine the rate on one of the two SSM
predictions ´ HZ-SSM or LZ-SSM ´ is not so problematic since the difference be-
tween the two predicted values of pep-ν rate is « 1.4 %. Finally, we have performed
some studies assuming separately the 15O-ν and the 13N-ν, instead of treat the CNO
neutrinos as a single species (see Sec. 6.4.4).

6.4.1 Impact of the exposure on CNO-ν sensitivity

The relative uncertainties of CNO-ν rates as a function of data-taking time (bottom
scale) and exposure (top scale) are shown in Fig. 6.11.
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Figure 6.11: Fit configuration: all species free to vary. The relative uncertainty of CNO
neutrino rate as a function of exposure. Borexino-like, ideal and baseline radiopurity
scenario trends are shown respectively in orange, green and light blue dotted lines.
The dot markers represent the simulated points. The Borexino best result is reported
as the black dashed horizontal line.

In the IBD scenario, being the CNO-ν relative uncertainty always above « 60%,
we can state that JUNO will not be sensitive to CNO neutrinos. For what concerns
the baseline scenario, JUNO will reach a relative uncertainty of « 30 % after 10

85



6.4. Sensitivity results on CNO neutrinos

years of data-taking, though not being able to improve the Borexino best results
of « 29 %. On the other hand, in the ideal and Borexino-like scenarios JUNO will
match the Borexino best result after 3 years and 2 years of data-taking, respectively.

6.4.2 Impact of 11C background on CNO-ν sensitivity

As for pep-ν measurement, the precision on CNO neutrino rate is expected to be
strongly dependent on TFC performances. Indeed, as shown in Figure 6.7, the CNO
spectrum is overlapped to the 11C one: a high-performance TFC algorithm removes
more efficiently the 11C content from the TFC-Subtracted dataset, increasing the
CNO signal over background ratio.

We have performed studies in the fit configuration where all the species have
been left free to vary, assuming all the three radiopurity scenarios but the IBD
one, for the reason clarified in Sec. 6.4.1. The results for CNO-ν precision in the
Borexino-like, ideal and baseline scenarios are shown in the top, central and bot-
tom panels of Fig. 6.12, respectively. The color scale represents the CNO neutrinos
uncertainties relative to the values obtained when TP “ 0.9 and SE “ 0.7.

Similarly to what obtained in Sec. 6.3.3, in the Borexino-like and ideal scenarios
the Tagging Power is more relevant than the Subtracted Exposure in increasing the
ability of the fit to identify CNO neutrinos. Instead, as already found in Sec. 6.3.3,
in the baseline scenario the 11C discrimination is not so relevant anymore because
of the large amount of other backgrounds present in the detector.

6.4.3 Impact of a pep-ν constraint on CNO-ν sensitivity

To enhance the sensitivity on CNO neutrinos, we can constrain the pep-ν rate to the
value based on the HZ-SSM predictions, i.e. 28.0 ˘ 0.4 cpd/kton. Since this value
differs only of « 1.4 % from the LZ-SSM value, we can safely assume we are not
introducing a relevant systematic on the CNO neutrinos rate uncertainty.

The results concerning the CNO-ν relative uncertainty versus the exposure are
shown in Fig. 6.13.

In the IBD scenario, JUNO will reach a « 30% precision on CNO neutrinos after
10 years of data-taking, thus not being able to detect them. In the baseline, ideal
and Borexino-like scenarios JUNO will achieve the Borexino best results after « 2
years, « 1.1 years and « 1 year of data-taking, respectively. Conversely, after 10
years it will be able to improve the Borexino results, reaching a « 14 %, « 10 % and
« 9 % CNO-ν relative uncertainty for baseline, ideal and Borexino-like scenarios,
respectively.

6.4.4 Sensitivity results on 15O and 13N neutrinos

Up to now, we have considered the CNO neutrinos as a single species being the
sum of the different contributions. As described in Chapter 1 and illustrated in
Fig. 1.6, what we refer to as CNO neutrinos is actually the sum of the neutrinos
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Figure 6.12: The CNO neutrinos rate uncertainties (color scale) as a function of TP (x-
axis) and SE (y-axis) after 6 years of data-taking. The z-axis (color scale) represents the
CNO neutrinos uncertainties relative to CNO uncertainty when TP = 0.9 and SE = 0.7
(here named Golden Configuration for convenience). Borexino-like, ideal and baseline
scenarios are respectively shown in top, central and bottom panels.
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Figure 6.13: Fit configuration: pep-ν rate constrained to the HZ-SSM value. The relative un-
certainty of CNO neutrino rate as a function of exposure when pep-ν rate is constrained
in the fit. Borexino-like, ideal, baseline and IBD radiopurity scenario trends are shown
respectively in orange, green, light blue and blue dotted lines. The dot markers rep-
resent the simulated points. The Borexino best result is reported as the black dashed
horizontal line.

coming from 13N, 15O and 17F fusion reactions (see eq. 1.47a, 1.47b, 1.47c). A first
measurement of these separate neutrinos fluxes would be important both to have
a further test to clear up the solar metallicity problem and to evaluate the nitrogen
and oxygen amounts in the core of the Sun.

The goal of this Section is to evaluate the sensitivity on 13N-ν and 15O-ν sep-
arately. We have therefore simulated the PDFs of 13N-ν and 15O-ν, neglecting the
17F-ν for two reasons: firstly, it constitutes only the 1 % of the neutrinos coming
from the CNO cycle and secondly its energy spectrum is degenerated with the 15O-
ν. The 13N-ν and 15O-ν reconstructed energy spectra in the JUNO detecor are pic-
tured in Fig. 6.14 ,together with the full pep spectral shape as a comparison.

First of all, we considered the fit configuration where all the species have been
left free to vary. The results concerning the 13N-ν and 15O-ν relative uncertainty
versus the exposure are shown in Fig. 6.15.

We conclude that after 10 years of data-taking, JUNO will reach a 13N-ν sensitiv-
ity of « 36 %, « 21 % and « 17 % in the baseline, ideal and Borexino-like scenarios,
respectively. On the other side, in the IBD scenario, being the uncertainty Á 70%
even after 10 years, JUNO will not be able to measure CNO-ν flux. Conversely, for
what concerns 15O neutrinos the relative uncertainty achieved will be « 34 %, « 23
% and « 20 % for baseline, ideal and Borexino-like scenarios after a data-taking
lasting 10 years. Once again, in the IBD scenario, since the uncertainty is always
Á 60%, JUNO will not be sensitive to a CNO-ν flux measurement.

We have also evaluated the 13N and 15O neutrinos sensitivity when putting a
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Figure 6.14: 13N-ν, 15O-ν and pep-ν reconstructed energy spectra, expressed in photo-
electrons. The black line represents the dataset assuming the baseline scenario.
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Figure 6.15: Fit configuration: all species free to vary. The relative uncertainty of 13N (left
panel) and 15O (right panel) neutrino rates as a function of exposure. Borexino-like,
ideal and baseline radiopurity scenario trends are shown respectively in orange, green
and light blue dotted lines. The dot markers represent the simulated points. The IBD
scenario is not displayed since in this case JUNO is not sensitive to 13N and 15O neu-
trino rates. The uncertainty bands show the uncertainties on the relative uncertainties.

constraint on the pep-ν rate. As Fig. 6.14 shows, due to their similar endpoints
and spectral shapes, we expect 15O-ν to be more affected by the pep-ν constraint
than 13N-ν, that have a lower endpoint and an energy spectrum with no peculiar
features. This fact is also supported by the correlation plots depicted in Fig. 6.16.
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6.4. Sensitivity results on CNO neutrinos

We notice that 15O-ν and pep-ν are strongly anti-correlated, while between 13N-ν
and pep-ν there is no correlation.

Figure 6.16: Results of the multivariate fits of 104 Monte Carlo pseudo-experiments
for 13N-ν, 15O-ν, pep-ν and 210Bi. The red histograms represent the extracted rate of
the species, and are distributed around the injected value (the black lines). The non-
diagonal frames show the species correlation plots.

We have thus performed multivariate fits, constraining the pep-ν rate to the
value 28.0 ˘ 0.4 cpd/kton (HZ-SSM) and we have evaluated the 13N-ν and 15O-
ν sensitivity as a function of the exposure. The results concerning the 13N-ν and
15O-ν relative uncertainty versus the exposure are shown in Fig. 6.17.

By looking at the results, we can conclude that 15O-ν relative uncertainty take
more advantage of this constraint than 13N-ν, as expected. In particular, while the
13N-ν results remain almost unchanged with respect to the previous fit configura-
tion, the 15O-ν ones reach « 30%, « 14%, « 10% and « 9.5% in the IBD, baseline,
ideal and Borexino-like scenarios, respectively, after 10 years of data-taking.
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Figure 6.17: Fit configuration: pep-ν rate constrained to the HZ-SSM value. The relative
uncertainty of 13N (left panel) and 15O (right panel) neutrino rates as a function of
exposure. Borexino-like, ideal and baseline radiopurity scenario trends are shown re-
spectively in orange, green and light blue dotted lines. The dot markers represent the
simulated points. The IBD scenario is not displayed since in this case JUNO is not sen-
sitive to 13N and 15O neutrino rates.
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Conclusions

My thesis work is focused on the solar neutrinos detection with the JUNO experi-
ment. By combining its large volume and high light yield, JUNO has the potential
to reach unprecedented levels of precision in the solar neutrinos flux measurement.
Before the beginning of the data-taking, a big effort is currently ongoing about sen-
sitivity studies of the 7Be, pep and CNO solar neutrinos. This allows us to optimize
the methods and to foresee the most crucial aspects impacting the analysis before
examining the JUNO data.

During my thesis experience, carried out between Milano and Jülich, I had the
opportunity to contribute to many aspects of the analysis. In particular, the first
part of my work was devoted to the development of JUST (Jülich nUsol Sensitivity
Tool), a software tool for solar neutrino analysis, born in the context of the Jülich
research group. It fulfills the dual role to both generate the JUNO toy-datasets and
to fit them relying on the optimization of a binned poisson likelihood. Afterwards,
I validated JUST against its already existing counterpart developed in Milano, the
so-called MUST (Milano nUsol Sensitivity Tool). I performed the validation pro-
cedure in two steps. Firstly, I compared the distributions of the events generated
for each parameter ´ both neutrinos and backgrounds ´ involved in the analy-
sis. Then, I examined the fitter validation by making the two tools fit the same
toy-dataset in exactly the same fitting conditions. The results show that the choice
of the software tool introduces an irrelevant bias of « 10´5% on the reconstructed
rates, concluding that MUST and JUST are equivalent and appropriate for the solar
neutrinos sensitivity analysis.

The second part of my thesis work was devoted to the estimation of the JUNO
sensitivity to 7Be, pep and CNO neutrinos. The neutrino reconstructed spectral
shapes share the energy range with many other sources of background, both inter-
nal and cosmogenic. Since the JUNO detector is still under construction, we can-
not know the actual radioactive background contamination. Therefore, we have
hypothesized a set of four plausible radiopurity scenarios, carrying on the anal-
ysis in each of these situations. I have obtained the results by simulating « 104

Monte Carlo toy-datasets and then analyzing the distributions of the neutrino re-
constructed rates.

We found that JUNO will be able to measure solar neutrino rates with an un-
certainty improved with respect to the current state-of-the-art in the solar neutrino
field. Provided that the systematic error will be kept under control, we found that
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in all the radiopurity scenarios considered, except for the most pessimistic one, the
expected uncertainty on 7Be, pep and CNO neutrinos will improve the results es-
tablished by other experiments.

In particular, 7Be neutrinos will be detected with a precision À 3% even after
only 1 year of data-taking in all the radiopurity scenarios. After 6 years, their flux
can be measured with a precision À 0.5% in every radiopurity situation but the
worst one.

For what concerns pep neutrinos, in the less favorable radiopurity scenario, after
6 years of data-taking, JUNO will improve the current best experimental value («
11%), while this will be improved in all the other scenarios even after only 1 year.

Finally, a competitive CNO neutrinos measurement can be achieved after 6
years, but only in the two most radiopure scenarios. However, due to the strong
anti-correlation between pep and CNO neutrinos energy spectra, the results can
be improved by inserting in the multivariate fit a constraint on pep neutrinos rate,
based on the Solar Standard Model predictions. Thereby, after 6 years of data-
taking, JUNO will improve the existing experimental result, achieving relative un-
certainties below « 11% in all the radiopurity scenario but the worst one. Fur-
thermore, JUNO will be the first experiment being able to measure separately the
neutrino fluxes from the 13N and the 15O fusion reactions, opening new horizons
in the understanding of how our Sun’s core burns.

In conclusion, the studies I have performed show that the sensitivity to 7Be, pep
and CNO solar neutrinos fluxes is highly influenced by the radiopurity contami-
nation levels. While the 7Be flux measurement will not be particularly affected by
reasonable variations of internal background, keeping the radioactivity levels un-
der control will be crucial for the determination of pep and CNO neutrinos fluxes.
Nonetheless, from the results of my studies we can safely assume that JUNO plays
a leading role in the next generation of solar neutrinos spectroscopy detectors.
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APPENDIX A

JUST: Jülich nUsol Sensitivity Tool

JUST (Jülich nUsol Sensitivity Tool) is a software tool developed for JUNO solar
neutrinos analysis [78].

The philosophy behind JUST led to the development of a highly modular and
customizable tool for easy integration of prospective features. The analysis strategy
is based on Monte Carlo PDFs which are used both to generate the pseudo-datasets
and to fit them. It is also based on a binned poisson likelihood optimization of two
independent histogram representing two different datasets. More in detail, consid-
ering a histogram with k bins labelled with i “ 1, ..., k, where each bin contains ni
events, the likelihood is given by

Lpn⃗|λ⃗q “

k
ź

i“1

e´λi λni
i

ni!
(A.1)

where λi is the number of events expected in the i-th bin. In the current version, two
independent histograms (Subtracted and Tagged) are simultaneously fitted, so the
likelihood involved is given by the product of the two likelihoods L “ LSub ¨ LTag.
More details about the solar neutrino analysis can be found in Chapter 4.

A.1 JUST architecture

The architecture of JUST is fully modular, meaning that any module can in principle
be removed and replaced if needed, making testing and development seamless. All
modules are called by Main.cpp that acts as an organiser. The modules are called in
the following order:

1. Parser.cpp that reads the configuration files and the command line arguments;

2. DataReader.cpp that opens the different ROOT files to process data and PDFs;

3. ToyDataGenerator.cpp that creates a generator for pseudo-data to be used in
the fitter;

4. Fitter.cpp that either carries out a fit on data, or iteratively calls the ToyData-
Generator and then fits each newly obtained dataset by using TMinuit;
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5. FitResults.cpp that processes the results by extracting the quantities of interest:
the reconstructed rates, the covariance and correlation matrices, the χ2{NDF,
etc.;

6. OutputManager.cpp that finally create plots and write all necessary output. An
example of the JUST output plots is given in Fig. A.1.
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Figure A.1: Example of the output of JUST for a multivariate fit on a pseudo-dataset
generated in the ideal radiopurity condition. The TFC-subtracted (left) and the TFC-
tagged (right) energy spectra are shown together with residuals. The sum of the indi-
vidual components from the fit (red line) is superimposed on the data (black points).
The residuals are calculated as the difference between the data bin content and the fit
result for each bin, divided by the square root of the data bin content.

As mentioned above, the Main.cpp organizer only contains the core of the pro-
cedure and it calls some functions belonging to other modules. Its frame can be
summarized as following.

A NuFitConfig object, responsible for managing all the details coming from the
configuration files, is created. The PDFs are then read and analyzed by a NuFit-
PDFs object. After these preliminary actions have been fulfilled, two different and
exclusive way can be covered. If toy fits have been requested through the configu-
ration files, the pseudo-data are sampled and fitted. On the contrary, if a real data
fit has been chosen, then an analogous function is called only to fit the input data.
In both cases, a NuFitResults object with all the needed results is finally created.

Before moving on to the following sections containing more details about each
one of the modules, it’s worth pointing out some key peculiarities of JUST. This
software has been thought to be as customizable as possible, so that in principle
it could be used to fit as many histograms as the user wants. One useful way to
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Figure A.2: Schematic depiction of JUST architecture, together with the input and out-
put files needed.

achieve this goal consists in exploiting std::vector variables to store lists of quantities
available in each of the histograms. By doing so, it’s easy and natural to extend the
code the let it fit N histograms. Furthermore, using std::vector variables leads to a
speed-up of about a factor three in the fitting process.

A.2 How to install and run JUST

JUST is written with the C++14 programming language, so the compilers and ROOT
must be recent enough to reflect this. The minimum requirements needed are gcc
9.3.0, cmake 3.4.1 and ROOT 6.22. After carefully checking to fulfill all the require-
ments, JUST can be downloaded writing the following command in a new terminal
window:

git clone https://jugit.fz-juelich.de/a.goettel/nu-solar-fitter.git

After that, it’s necessary to move to the proper branch through the command:

git checkout BranchName

Finally, after moving to the folder nu-solar-fitter, JUST can be easily installed
with the command:

./RebuildAndInstall_sh.sh

Once the JUST installation has been successfully completed, the executable file
is located at the nu-solar-fitter/install/bin folder. With the commands

./NuSolarFit --help or ./NuSolarFit -h
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it’s possible to have an overview about all the options needed or available to run it.
For convenience, they are also briefly reported here.

• --general-options or -g, followed by the path to the text file containing all
the fit general options (the so-called gen_opt.cfg, see Section A.3);

• --species-list or -s, followed by the path to the text file containing the list
of the parameters with which to fit the dataset (the so-called species_list.dat,
see Section A.3);

• --toy-rates or -t, followed by the path to the text file containing the in-
formation for the toy Monte Carlo generation (the so-called toy_rates.dat,
see Section A.3). In this case, as toy Monte Carlo generation we mean the
production of the two pseudo-datasets to be fitted;

• --output or -o, followed by the path to the output files, without the file ex-
tension since by default both the text and the ROOT [70] files will be created.

Depending on the dataset to be fitted ´ real or Monte Carlo ´ JUST can be run
in two different ways, reported below as an example. In fact, when Monte Carlo
studies want to be performed, JUST takes also care of the toy generation.

• Real dataset fit: only three arguments are needed.

./NuSolarFitter -g gen_opt.cfg -s species_list.dat -o output

• Pseudo-dataset fit: in addition to the previous case, the configuration file for
the toy generation has to be added. When performing Monte Carlo sensitiv-
ity studies, N simulations must be run in order to look at the results’ distri-
butions obtained. The information about N is included in the gen_opt.cfg,
as we will see in Sec. A.3.1, and not parsed through the command line.

./NuSolarFitter -g gen_opt.cfg -s species_list.dat -t toy_rates.dat -o output

A.3 Configuration files

In order to successfully run JUST, three different configuration files have been de-
signed: gen_opt.cfg, species_list.dat and toy_rates.dat.

In all these files, comments are allowed: they can be simply added by inserting
the # character at the beginning of the commented line.
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A.3.1 gen opt.cfg

The gen opt.cfg configuration file has the structure depicted in Fig. A.3. The first
column contains the labels representing some specific information needed to run
the fit, the order of them doesn’t matter. The second column contains the values of
the parameters specified on the left. There are both mandatory labels and optional
ones. Let’s focus now on the mandatory ones.

• PDFsRootfile, which contains the path to the ROOT file including the PDFs,
both those to fit and those to sample the dataset if Monte Carlo fits are done
(of course with different names if they are different).

• DataRootfile, which contains the path to the ROOT file including the dataset.
If Monte Carlo pseudo-datasets are generated, this line can still be included
but JUST will ignore it.

• HistOne and HistTwo, i.e. the names of the two histograms simultaneously
fitted. When a dataset is given as an input these names have to be the same
as the ones in the dataset ROOT file.

• Lifetime, i.e. is the data-taking interval expressed in days.

• TargetMass, i.e. the fiducial volume mass expressed in kton. Please note that
instead of this flag it is possible to insert separately the density of the liquid
scintillator and the radius (respectively, LSDensity g/mL and Radius m) so that
the mass is then internally calculate in the software. In the latter case, the
TargetMass line must be commented. If all these three labels are included in
the file, then only the value after the label TargetMass is considered.

• emin and emax, which are respectively the fitting range starting point and
endpoint in number of photoelectrons.

• ToyData, which is an integer variable related to the toy data generation: the
user must write 0 if a real dataset will be fitted or an integer N it N toy data
fits are going to be performed. E.g, if ToyData is 100, then 100 Monte Carlo
simulations are run.

• Hesse and Minos, which are both boolean variables (0 “ no and 1 “ yes)
related to some TMinuit [79] functionalites. Particularly, Hesse is used to per-
form a full calculation of the Hessian matrix for error calculation, while Minos

to calculate parameter errors taking into account both parameter correlations
and non-linearities.

• Likelihood, which contains the name of the likelihood we want to do the fit
with: up to now, only the poisson one is implemented.
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PDFsRootfile PDFs.root
DataRootfile dataset.root
HistOne PseudoDataset Sub
HistTwo PseudoDataset Tag
Lifetime 365
TargetMass 9.87338
emin 650
emax 3000
ToyData 100
Hesse 0
Minos 0
Likelihood poisson
#optional

LSDensity g/mL 0.859
Radius m 14
seed 1111
DAQTime 0.75

Figure A.3: Configuration files: gen opt.cfg

Finally, for what concerns the the optional labels, the seed and the DAQTime

ones give the user the possibility to respectively choose a specific seed for the toy
generation and to select a suitable DAQ time window. If they are not included, the
seed is randomly chosen by JUST and the DAQ time is by default set to 1.

A.3.2 species list.dat

The species list.dat configuration file contains all the information necessary to
the fitting procedure itself: the list of the species involved and other important
parameters linked to them, like the initial guesses or the possibility to let them
free to vary or fix in the fit. An example of the species list.dat is given in
Fig. A.4. This file is structured in two horizontal blocks (#TFC Sub params and
#TFC Tag params), each one of them associated to one of the histograms to be fit-
ted. In the following I will make a list of all the labels present in this file.

• pdf contains the names of the PDFs exploited to perform the fit;

• param represents the names of the parameters involved, which can be differ-
ent from the names of the PDFs. As a clarifying example, we mention the
11C case. The names of the PDFs are both “C11”, since both the histograms

102
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#pdf param guess lower upper step fixed hist id eff

#TFC Sub params

Be7 Be7 490 0 4.9e+03 10 0 1 5.1177e-01
pep pep 28 0 2.8e+02 10 0 1 6.0328e-01
CNO CNO 50.3 0 5.0e+02 8 2 1 5.5376e-01
Bi210 Bi210 241 0 2.4e+03 10 0 1 5.5769e-01
K40 K40 22.9 0 2.3e+02 10 0 1 6.4434e-01
Kr85 Kr85 100 0 1.0e+03 10 0 1 4.7537e-01
U238 U238 150.5 0 1.5e+03 10 0 1 5.7733e-01
Th232 Th232 35.08 0 3.5e+02 10 0 1 6.3320e-01
Po210 Po210 244.2 0 2.4e+03 10 0 1 7.0544e-01
C11 C11 1916 0 1.9e+04 10 0 1 6.9474e-02
#TFC Tag params

Be7 Be7 490 0 4.9e+03 10 0 2 2.1933e-01
pep pep 28 0 2.8e+02 10 0 2 2.5855e-01
CNO CNO 50.3 0 5.0e+02 8 2 2 2.3732e-01
Bi210 Bi210 241 0 2.4e+03 10 0 2 2.3901e-01
K40 K40 22.9 0 2.3e+02 10 0 2 2.7615e-01
Kr85 Kr85 100 0 1.0e+03 10 0 2 2.0373e-01
U238 U238 150.5 0 1.5e+03 10 0 2 2.4743e-01
Th232 Th232 35.08 0 3.5e+02 10 0 2 2.7137e-01
Po210 Po210 244.2 0 2.4e+03 10 0 2 3.0233e-01
C11 C11 2 1916 0 1.9e+04 10 0 2 9.2301e-01
C10 C10 37.1 0 3.7e+02 10 0 2 2.9966e-01
He6 He6 27.8 0 2.8e+02 10 0 2 2.9772e-01

Figure A.4: Configuration files: species list.dat. Example for solar neutrino analy-
sis according to Ref. [60].
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use the same PDF. However, the parameters’ names are different (“C11” and
“C11 2”): that’s why they are considered as independent parameters.

• guess is the initial guess, also called injected rate, in cpd/kton. It represents
the starting value for the fit from which then search for the best rate.

• lower and upper define the boundary rates (in cpd/kton) allowed for each
species.

• step is the starting step size in cpd/kton.

• fixed is an integer value telling the fitter if the parameter is left free to vary
(0), fixed (1) or constrained (2). In the latter case, the parameter is confined to
a gaussian with mean equal to the initial guess and standard deviation equal
to the step.

• hist id indicates which histogram the parameter belongs to.

• eff is a number including the information related to the integral of the PDF
and the TFC parameters (Tagging Power TP and Subtracted Exposure SE).
To be more accurate, eff is calculated differently according to the histogram
considered (Sub or Tag), thus leading to have the following two formulas:

effsub “ Integral of the PDF ¨ SE (A.2a)

efftag “ Integral of the PDF ¨ p1 ´ SEq (A.2b)

It’s important to notice that eqs. A.3a and A.3b apply to every species but 11C
due to the fact that 11C is also linked to the TP. Therefore, we have:

eff11C
sub “ Integral of the PDF ¨ SE ¨ p1 ´ TPq (A.3a)

eff11C
tag “ Integral of the PDF ¨ p1 ´ SE ¨ p1 ´ TPqq (A.3b)

This is a temporary solution: another way to deal with this is currently on
work. The idea is to have clearly specified somewhere the values of SE and
TP, and not hidden in the eff values.

A.3.3 toy rates.dat

The toy rates.dat configuration file needs to be added only if the user wants
to perform fits on toy datasets. In fact, it contains all the details to generate the
pseudo-datasets. A toy rates.dat example is reported in Fig. A.5. This file con-
tains some of the columns already present in the species list.dat: the ones not
related to the fitting process. Having these two separate configuration files allows
to fit the same data under different model assumptions, and vice-versa.
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#pdf guess hist id eff

#TFC Sub params

Be7 490 1 5.1177e-01
pep 28 1 6.0328e-01
CNO 50.3 1 5.5376e-01
Bi210 241 1 5.5769e-01
K40 22.9 1 6.4434e-01
Kr85 100 1 4.7537e-01
U238 150.5 1 5.7733e-01
Th232 35.08 1 6.3320e-01
Po210 244.2 1 7.0544e-01
C11 1916 1 6.9474e-02
#TFC Tag params

Be7 490 2 2.1933e-01
pep 28 2 2.5855e-01
CNO 50.3 2 2.3732e-01
Bi210 241 2 2.3901e-01
K40 22.9 2 2.7615e-01
Kr85 100 2 2.0373e-01
U238 150.5 2 2.4743e-01
Th232 35.08 2 2.7137e-01
Po210 244.2 2 3.0233e-01
C11 1916 2 9.2301e-01
C10 37.1 2 2.9966e-01
He6 27.8 2 2.9772e-01

Figure A.5: Configuration files: toy rates.dat. Example for solar neutrino analysis
according to Ref. [60].
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A.4 JUST modules

A.4.1 Parser

The Parser module is responsible for reading the arguments parsed in the command
line and storing the configuration files’ contents. It is divided into two blocks, each
one characterized by the relative class and described below.

The NuFitCmdlArgs class is responsible for the command line arguments anal-
ysis. It contains variables where the files’ names written in the command line are
saved through the function CMDLParser::Parse.

On the other hand, the NuFitConfig class contains all the variables needed to
store the quantities included in the configuration files, other than three specific
functions able to read and analyze those quantities (ParseGenOpts, ParseSpeciesList
and ParseToyRates). All these functions are called while invoking the constructor
for NuFitConfig. While doing this, a careful error handling is carried out by assuring
that the configuration files quantities are given in the correct format (i.e. TargetMass

has to be positive, etc.).
If toy fits are requested, this module takes also care of part of the pseudo-

datasets generation. By using the generator provided in the TRandom ROOT class,
it gaussianly samples the number of events for each of the species involved in
the histograms. Then, it saves these values in a std::vector〈std::vector〈unsigned int〉〉
variable. This variable can be seen as a n ˆ m matrix, where n is the number of
the pseudo-datasets, while m the total number of the species included in all the his-
tograms (e.g. if there are two histograms and both of them include the same species,
then this is counted twice). Fig. A.6 illustrates a sketch of this std::vector〈std::vector〈unsigned int〉〉
variable. This will be used later on in the ToyDataGenerator.cpp module for the next
steps of the toy generation.

Then, a paramVector toy object is created to better re-arrange the species infor-
mation with respect to how it was stored previously. A paramVector toy object is a
std::vector〈std::vector〈NuFitter::paramData〉〉 variable, where NuFitter::paramData is
a struct which includes two unsigned int, variables representing the PDF and the
histogram indexes. Ultimately, a paramVector toy will be a s ˆ p matrix, where s is
the number of the histograms to be fitted and p is an integer representing how
many different PDFs are involved. As an example, given a species list.dat

structured as the one in Fig. A.4, paramVector toy would be like the one sketched
in Figure A.7. The paramVector toy object will be very useful to loop over some
quantities in the next steps of the toy data generation (see Section A.4.3).

The last goal of this module is to extract the number of bins either from the input
dataset ´ if a real data fit is done ´ or from the PDFs, if Monte Carlo fits are cho-
sen. This number is needed later by both DataReader.cpp and ToyDataGenerator.cpp
modules to convert histograms into std::vector.

Finally, thanks to the Parser, JUST is able to warn you if the input files contain a
wrong number of arguments, as well as notify you if issues in opening or reading
them happen. This latter action is a matter for the NuFitter::ErrorReading function,
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int int

int

Be7 pep . . . Be7 pep . . .

...
...

pseudo-dataset

histo 1 histo 2

list of the species included in the histograms

Figure A.6: A sketch of the std::vector〈std::vector〈unsigned int〉〉 variable. Here, int is an
abbreviation used for unsigned int.

which also includes a NuFitter::HelpMessage function, easily referrable to with the
flags --help or -h (see Section A.2), giving you useful information about how to
run the software.

A.4.2 DataReader

The DataReader module reads the input ROOT files with the PDFs and the data, and
save them in suitable variables. Furthermore, it is responsible for the conversion of
all the histograms into std::vector objects. Since many variables previously stored
are now actually used, it also includes Parser.h.

It is divided into two classes: NuFitPDFs and NuFitData, which respectively
take care of data and PDFs, as suggested by the names. NuFitPDFs includes the
members listed below, needed to properly save all the information from the input
file. Therefore, we have:

• pdf histograms, a std::vector〈TH1D* 〉 variable, whose size is equal to the total
number of the PDFs, where each entry contains the ROOT TH1D histogram
of the PDF.

• pdfs is a std::vector〈std::vector〈double〉〉 variable implemented to deal with PDFs.
More in detail, the function NuFitPDFs::Read reads the PDFs from the input
file and guarantees that they are properly normalised to 1. Then, it fills the
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Figure A.7: A sketch of a paramVector toy object. Each cell contains a paramData vari-
able. A paramData variable is a pair of integers pa, bq, where a is the index of the PDF
(referring to the species list.dat in Fig.A.4, this index is incremented every time a
new entry in the first column is read) and b is the index of the histogram (1 or 2).

variable pdfs which represents the PDFs already converted into std::vector.
This can be seen as a matrix e ˆ f , where e is the total number of PDFs and
f is the number of bins own by all the PDFs. As an example, the cell 1 ˆ 1
contains the number of events included in the first bin of the first read PDF,
the cell 1 ˆ 2 is referred to the second bin of the first read PDF and so on.

• bin edges is another std::vector〈std::vector〈double〉〉 variable. It can be seen as a
matrix g ˆ h, where again g is the total number of PDFs, but now h is equal to
the number of bins plus one1. The edges are obtained with a suitable function
called NuFitter::getBinEdges. This variable will be exploit a lot in the Fitter.cpp.

The second class of DataReader.cpp is called NuFitData and its structure is very
similar to NuFitPDFs. Analogously to what already written, it has data histograms,
data and bin edges members, which carry out the same purpose of the ones in Nu-
FitPDFs, but using the data histograms instead of the PDFs. Furthermore, this class
has an extra std::vector〈unsigned int〉 variable called hist ids, where the histograms’
indexes are stored, starting from 1. A NuFitData::Read function is also included to
read and analyze the dataset and properly fill all the variables mentioned before.

A.4.3 ToyDataGenerator

The ToyDataGenerator module, invoked only if toy fits are requested, is devoted to
fulfill the main steps of the toy Monte Carlo generation, already begun in Parser.cpp.

The toy steps are carried out by the class NuFitToyData. By calling its construc-
tor, all the members are filled. Particularly, the std::vector〈TH1D*〉 variable is filled
with empty TH1D histograms, properly named and binned. Then, also bin edges
and hist ids are analogously treated according to what already described in Sec-
tion A.4.2.

1It contains the low edges of each bin plus the up edge of the last bin.
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Anyway, the core of the ToyDataGenerator is the NuFitToyData::loadDataset func-
tion, a void type function taking as unique argument the index of the pseudo-
dataset generated in Parser.cpp. This function serves the purpose to fill the his-
tograms with the number of events sampled earlier in Parser.cpp. Then, the TH1D
histograms included in the std::vector〈TH1D*〉 variable are randomly filled, by us-
ing the contents of the existing PDFs, for an amount of times equal to the number
of events sampled previously in Parser.cpp. After that, in order to speed up the fit-
ting procedure, these histograms are converted into std::vector variables, as already
done in DataReader.cpp.

Nevertheless, the NuFitToyData::loadDataset function is not invoked in the Toy-
Generator.cpp, but in the Fitter.cpp. This is due to the fact that the pseudo-datasets
are produced on the fly, immediately fitted, and then destroyed in order to save
memory. After each of the N calls, a std::vector〈std::vector〈double〉〉 variable con-
taining the datasets is created. This is essentially a m ˆ n matrix, where m is the
number of independent histograms (in most of our cases, Sub and Tag) and n is the
number of bins. For the sake of transparency, let’s give an example. The first cell
´ 1 ˆ 1 ´) will contain the total number of entries - i.e. the sum of the number of
events from all the PDFs in the first bin - of the first bin of the Sub histogram, i.e.
histogram number 1.

A.4.4 Fitter

The Fitter module represents the core of JUST and it deals with the fitting proce-
dure. It includes all the previous modules, as well as FitResults.h, which is thor-
oughly described in Section A.4.5. The fit is performed by using TMinuit and a
double negative log-likelihood, described in a separate fcn function, is minimized.

This module includes two classes:

• NuFitContainer contains all the ingredients ´ both variables and functions ´

invoked in the next class, the MinuitManager indeed.

• MinuitManager supervises all the steps of the fitting procedure

Besides these two classes, we also find two Fit functions ´ one for real data and
one for the toy Monte Carlo fits ´ and the fcn function, used by TMinuit to sample
the likelihood.

Let’s now briefly report how the Fitter.cpp works. At the beginning, two useful
functions are declared: MultiplyVectorByScalar, which multiplies by a scalar all the
entries of a vector, and getIndexOf, which returns the index of a vector element.
To make them as flexible as possible, they have been implemented as template
functions.

Then, we have the NuFitContainer implementation. Some preliminary functions
are included and now concisely commented:
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• NuFitContainer::InFitRange is a boolean function that assures whether the two
arguments are smaller or greater than emax and emin, respectively. This is
helpful to be sure that we are fitting precisely the range requested by the
user.

• NuFitContainer::setData and NuFitContainer::convertToVec2 are responsible for
converting the region of the histograms included in the fitting range into C++
vectors.

Afterwards, the NuFitContainer constructor takes care of the creation of new
PDFs objects, with applied fit range cuts. Moreover, to make the fit more stable
during the error matrix calculation, this constructor separates the contributions of
the free and the fixed parameters, by creating an index map. In fact, in Minuit,
when a FIX command is used, the calculation of this matrix is performed as fol-
lows[79]: Minuit creates a preliminary error matrix, then inverts it, removes the
fixed parameters and inverts it back. To avoid this process which may cause some
issues, we introduced an index map between all the parameters and the Minuit fit
parameters. By doing so, Minuit sees only the free parameters. Then, the map is
used to add the fixed parameters directly to the fit function, without going through
Minuit itself. Afterwards, Minuit calculates the error matrix of all the free parame-
ters without doing the double inversion and add the corresponding lines later on.

The core of the NuFitContainer class is composed of the following functions:

• NuFitContainer::fitFunction calculates the fit function for a set of parameters
and returns as output a std::vector〈std::vector〈double〉〉 variable containing the
values of the fit function. Fixed parameters ´ if any ´ are added in the end.

• NuFitContainer::getChiSquare calculates the χ2/NDF for a given set of param-
eters.

• NuFitContainer::NLL represents a container for the likelihood calculation, called
then in the fcn function (see later in this Section). To let the NLL function take
as input any type function, it has been thought to be a template〈typename L〉
function. Its implementation is based on [80]. Particularly, by looping over
the data, it evaluates the input template function by using the output of the
already mentioned fitFunction and the data.

• NuFitContainer::NLL poisson is the function where the Poisson formula is ex-
plicitly written.

Before moving on to the description of the MinuitManager class, it is worthwhile
to illustrate how the fcn function works. This function is mandatory to call Minuit
and it represents the function to be minimized. In JUST, it makes use of a NuFit-
Container pointer object called fitCtnr and declared at the beginning of this module.

2NuFitContainer::setData simply calls NuFitContainer::convertToVec.

110
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Through it, we call the NLL function and we pass it a lambda expression as the first
argument. Lambda expressions have been introduced in C++11 to allow the de-
velopers to write an in-line function, which can be used for short snippets of code
that are not going to be re-use and not worth naming. In our case, these have been
thought to be functions which call NLL poisson or other likelihoods that could be
introduced in the future. In case of parameter constraints, the fcn function takes
care of the addition of Gaussian pull-terms.

Let’s focus now on the MinuitManager class implementation. Besides the trivial
constructor and destructor, we have the following functions:

• MinuitManager::initMinuit creates a new Minuit instance and set the fcn func-
tion. Then it parses the parameter information to Minuit through the Minuit
function mnparm, which as inputs requires the following information: the pa-
rameter number, the parameter name, the fitting starting value and step size
(or uncertainty) and the lower and upper bounds on the parameter value it-
self.

• MinuitManager::resetMinuit simply resets the fit results to prepare for a new
fit.

• MinuitManager::callMinuit starts the minimization process by executing the
Minuit commands. Firstly, it calls MIGRAD (plus SIMPLEX if MIGRAD fails).
Furthermore, there are two more options only activated if specified in the
gen opt.dat configuration files: HESSE and MINOS, for exact non-linear er-
rors calculation.

• MinuitManager::getResults converts the fit results into vectors and stores them
into member variables, giving as output a NuFitResults object. Among the
variables stored, we find the best values given by the fit, the covariance matrix
and the χ2/NDF.

Finally, the last part of the Fitter module is made up of two pairs of the functions
doFit and Fit. The first pair deals with real dataset fits and both of the functions
return NuFitResults objects. More in detail, the Fit function simply represents a
container for the doFit function. The latter one includes the instructions necessary
to actually perform the fit: updating the data used for the fit, preparing Minuit,
starting the minimization and finally returning the results.

The second pair of these functions is associated to the multiple toy data fits. Par-
ticularly, instead of returning NuFitResults objects, they return std::vector〈NuFitResults*〉
objects, where each entry is devoted to a particular toy data fit. To achieve this goal,
doFit loops over the number of pseudo-datasets, each time invoking the loadDataset
function.
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A.4.5 FitResults

The aim of the NuFitResults module is to process the results returned by the fit
to extract the quantities of interest, handled afterwards by the OutputManager, the
last module. After the constructor and destructor definitions, we have the three
functions briefly described hereafter:

• NuFitResults::combineParamVectors gives as output a std::vector〈std::vector〈paramData〉〉
object, i.e. a paramVector, where also fixed and constrained parameters are in-
cluded. This function is called in the constructor to build a comprehensive
paramVector object.

• NuFitResults::getUncertainties returns the uncertainties calculated as the square
roots of the covariance matrix eigenvalues.

• NuFitResults::getCorrMatrix calculates the correlation matrix starting from the
covariance matrix.

A.4.6 OutputManager

The OutputManager is the last module invoked by JUST and it deals with the cre-
ation of plots and the transcription of all the necessary results on output files.

JUST gives as output a text file and a ROOT file. The first one contains many
useful information about the fit performances: its status (success or fail), the fit
results both in counts and in cpd/kton, the covariance and the correlation matrices,
the χ2/NDF and finally some relevant input parameters, including the exposure
and the fitting range. If multiple toy data fits are requested, then the text file will
contain all these details for each single simulation performed.

On the other hand, in the output ROOT file we have the following elements.
First of all, two TTrees: the FitResults, containing the χ2/NDF distribution and the
distributions of the results returned by the fit (both in counts and in cpd/kton)3,
and the ToyGeneration4, which contains the distributions of the generated events,
species by species (both in counts and in cpd/kton).

We then have the parameters folder which includes the Parameters and Config
TTrees. The Parameters TTree has a branch for each species with six leaves each,
representing some useful input details, such as the injected rate (in counts and
cpd/kton), the step size, the lower and upper limits, and finally a variable telling
if the species has been fixed, constrained or let free to vary. Conversely, the Config
TTree has four leaves representing the following quantities: the exposure, the start-
ing and endpoint fitting limits and the seed chosen for the toy generation (if not
explicitly specified in the configuration files, this is randomly picked up).

3If a single dataset if fitted, of course we will not have the results’ distributions but the single fit
best values with their uncertainties.

4The ToyGeneration TTree is present only if toy fits are done.
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Finally, the output ROOT file includes two canvas. The Plot canvas, shown
in Fig. A.1 and representing the fitted spectra (Sub and Tag) in number of events
versus the reconstructed energy with the residuals. In this case, if multiple toy fits
are done, then only the plot related to the last fit is stored to save disk memory.
The second canvas is the so-called PDFs, which contains two sub-canvas referring
to the PDFs used as the model (if toy fits are requested) and the ones used to fit the
data.

An example of the JUST output ROOT file, showing the distribution of 7Be neu-
trinos reconstructed rates is depicted in Fig. A.8, together with a sketch of the ele-
ments belonging to the output file itself, here named fit.root.

Figure A.8: Overview of the JUST output ROOT file named fit.root (left, red box) and
the 7Be neutrinos fit rate leaf (right), representing the distribution of the reconstructed
rates for 2000 pseudo-datasets generated.

Let’s now focus more in detail about the code structure of the OutputManager
module. At the beginning we find three structs ´ Values, ValuesToy and ValuesParam

´ containing the output values to be later inserted in the proper ROOT TTree
branches. Furthermore, as preliminary useful functions we have the template func-
tion vec2array, which converts a std::vector into an array and toCpdPerkton, broadly
exploited in the following, which converts a results parameter vector from counts
into cpd/kton.

Besides the trivial OutputManager constructor and destructor, the core of this
module is formed by the functions described hereafter:

• OutputManager::initRootFile opens the ROOT file to be used to write the re-
sults in.

• OutputManager::closeRootFile closes the above-mentioned ROOT file.

• OutputManager::makePDFsSum initialises and fill the PDFsSum object, i.e. a
std::vector〈TH1D*〉 variable to store the fit results, calculated as the sum bin
per bin of all the PDFs, properly scaled by the fit.

113



A.4. JUST modules

• OutputManager::writeParamTree creates, fills and writes the Parameters and Con-
fig TTrees in the parameters folder.

• OutputManager::writeFitTree creates, fills and writes the FitResults TTree.

• OutputManager::writeToyTree creates, fills and writes the ToyGeneration TTree.

• OutputManager::fitToFile writes the output of one single fit to a text file.

• OutputManager::plotToFile writes the Plot canvas on the ROOT file.

• OutputManager::drawPDFs write the PDFs canvas where both the PDFs used
for model and for data are plotted for comparison.

Lastly, we have the two similar functions ProcessResults, one to plot the results
for one single fit while the second one dedicated to toy data fits. They distinguish
from each other since the first one involves NuFitResults variables, while the second
one the more complicated std::vector〈NuFitResults〉 ones. At the same time, they
have a lot in common. Both of them simply call the functions mentioned above to
create the output ROOT file, fill it with TTrees and plots, and create at the end the
output text file.
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