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Introduction

It is 2012 and we live in a world permeated by technology and science. Words like
progress, energy and physics are getting more and more familiar day by day. Today, if

one Googles neutrino, more than 8,780,000 results appear in a tenth of a second.

This burst of growth in neutrino’s fame is mainly due to the exciting developments
that neutrino physics has seen over the past decade, following the experimental evidence
of their oscillations in the atmospheric, solar, reactor and accelerator sectors. In fact, a
precise measurement of neutrino properties plays a crucial role in understanding many

phenomena, from fundamental interactions to physics at the cosmological scale.

This thesis reports on the work I carried out within the Borexino collaboration in the

past three years.

The Borexino detector, designed and constructed for sub-MeV solar neutrino spec-
troscopy, is taking data at the Gran Sasso Laboratory (LNGS, Italy) since May 2007.
The detector was designed according to the principle of graded shielding and today is

characterized by an extreme radiopurity.

Since the start of data taking, the Borexino collaboration has released many inter-
esting results. During last year, there have been three pubblications which demonstrate
the unique characteristics of Borexino: the "Be solar neutrino rate measurement with
an accuracy better than 5%, the evidence of a null day-night asymmetry with accuracy
of ~ 1.5 x 1072, and, for the first time, the direct measurement of the so-called pep
solar neutrino flux (Ref. [1, 2, 3|).

Starting from January 2009, I have been directly involved in many aspects of the
data-taking activities e.g. the regular data acquisition (DAQ) shifts and the detector
extensive calibration campaigns. In January 2011 I was appointed “run coordinator” I
spent a month in LNGS coordinating the Borexino DAQ crews, supervising the detector
electronics and, during one of the scintillator purification campaigns, being responsible
for the communication between the software and the operational groups, creating a

crucial link that contributed to the overall success of the task.



These activities helped in collecting the data used in the work I present.

My original contribution consisted in analyzing the Borexino results (the ones listed
above and also the boron neutrino flux measurement in Ref. [4]), in order to understand
their implications in neutrino oscillation physics and in solar astrophysics. In particular,
I reviewed, improved and developed a code through which it was (and still is today)
possible to realize the actual impact of the Borexino experiment in the global analysis

of neutrino data.

The dissertation is structured in two main parts: the first is a short review of neutrino
physics, in particular solar neutrino physics, with an excursus on the Borexino exper-
iment; the second is devoted to areas in which my contribution was more significant
and direct and it concerns the so-called global analysis of data from Borexino, and from
solar atmospheric, reactor, and accelerator oscillation experiments.

In chapter 1, the current situation of neutrino oscillations and solar neutrino physics
is presented, along with an outline of the global analysis of neutrino data.

Chapter 2 summarizes Borexino’s physics goals, its design, detection principle, and
requirements.

Chapter 3 introduces the basic assumptions of our global analysis: from the very
first steps of the analysis chain to the statistical approach we use while processing the
output data.

Chapter 4 deals with the Borexino contribution to the global analysis of neutrino
data. Each Borexino result is introduced and analyzed.

Finally, chapter 5 concerns the Borexino impact in the global analysis of all the
neutrino data, examinated from the point of view of neutrino oscillation physics and
from that of solar astrophysics.

Every effort was made to write each chapter so that it could be read individually.
However, cross-references to sections from different chapters are given for better com-

prehension of specific topics.



Chapter 1
Neutrino Physics

The phenomenon of radioactivity was discovered in 1892 by Henry Bequerel. Niels
Bohr was the first physicist to realize that beta decay is a process in which the electron
is ejected from the nucleus, but a two-body decay clashed with the discovery of the
continuous spectrum of beta rays by James Chadwick, in 1914. This discovery posed a
difficult problem from the theoretical point of view until Wolfang Pauli, in 1929, wrote
his famous letter (Ref. [5]) about saving the energy conservation law in the nuclear beta

decay process by means of a new particle:

“Dear Radioactive Ladies and Gentlemen,

[...] Thave, in connection with the continuous S-spectrum, hit upon a des-
perate remedy for rescuing the alternation law! of statistics and the energy
law. This is the possibility that there might exist in the nuclei electrically
neutral particles, |...] which have spin half, obey the exclusion principle and

moreover differ from light quanta in not travelling with the velocity of light.”

So, the neutrino was born into the world of theoretical physics. Even if Pauli didn’t
published his idea since he considered the proposal too tentative to justify its appeare-
ance in published records, the idea spread throught the community. In 1932 Chadwick
discovered the neutron and, in 1933, Fermi wrote the four-fermion Hamiltonian (Ref.
[6]) for beta decay using the electron, the proton, the neutron and, for the first time, the
neutrino. A new field of theoretical physics came into existence: the weak interaction.

In early 1950’s, Fred Reines and Clyde Cowan started thinking about neutrino de-
tection; their first plans were to detect neutrinos emitted from nuclear explosions but,
realizing that nuclear reactors could provide a much higher neutrino flux, they mounted

an experiment at the Hanford nuclear plant.

'The "alternation law" is now commonly known as spin-statistics theorem.



1.1 Neutrinos in the Standard Model

The idea was to detect electron anti-neutrinos as the initiator of the inverse beta
decay reaction:

Ve +Dp — n+et.

The Hanford experiment had a large background due to cosmic rays even when the
reactor was off so, in 1955, the detector was moved to the Savannah River nuclear plant,
in a location at 11 m from the reactor center and 12 m underground. Finally, in 1956,
Cowan and Reines provided the very first experimental evidence of neutrino’s existence.

Starting from the 1960’s, neutrinos produced in the sun, in the atmosphere and from
supernovae were also observed. Ever since it was proposed, the neutrino has played
crucial roles from time to time in the advancement of our understanding of particle

physics.

1.1 Neutrinos in the Standard Model

One of the greatest successes of theories and discoveries over the past century has been
the establishment that everything in the universe has to be made up of twelve basic
building blocks, the so-called elementary particles, governed by four fundamental forces:
the strong force (reference intensity: I = 1), the electromagnetic force (relative intensity:
Ll = 1072), the weak force (I,qy = 1077) and the gravitational force (I,q = 10739).

The very simple but comprehensive theory which explains how these twelve elemen-
tary particles and three of the forces are related to each other, is the so-called Standard
Model (SM) of particles and forces. Developed in the early 1970s, this model has suc-
cessfully explained a host of experimental results and precisely predicted a wide variety
of phenomena.

Thanks to the works of Glashow, Salam, Ward, Weinberg, Iliopoulos, Maiani and
many others physicists, a model for the electroweak and strong interactions has been

built and today we know that the Standard Model is based on the gauge group:
Gsm = SU(3)c x SU((2), x U(1)y, (1.1)

where the strong, weak and electromagnetic interactions are respectively connected to
the SU(3)c, SU(2)r, and U(1)y gauge groups. In particular, the Quantum Chromody-
namics (QCD) theory, that is the theory of strong interactions, is based on the SU(3)¢
group while SU(2)p, x U(1)y is the group underlying the Weinberg-Salam theory of
electroweak interactions.

SU(3)c and SU(2)1, x U(1)y do not mix with each other and, therefore, the strong

and electroweak interactions can be treated separately.

4



Neutrino Physics

The twelve elementary particles have spin half and are called fermions since they
obey to the Fermi-Dirac statistics. Moreover, according to the spin-statistics theorem,
they respect the Pauli exclusion principle.

The fermions are classified according to how they interact: there are six quarks and
six leptons; pairs from each classification are grouped together to form a generation
with corresponding particles exhibiting similar physical behavior.

The six quarks are paired in three generations: the up and down quarks form the first
generation, followed by the charm and strange quarks, and then the top and bottom
quarks.

The six leptons are similarly arranged: according to flavor, there is the electronic
family (electron and electron neutrino), the muonic (muon and muon neutrino), and
the tauonic (tau and tau neutrino) family.

The defining property of the quarks is that they carry color charge, and hence,
interact via the strong interaction. Combinations of quarks and anti-quarks generate
barions and mesons, in general hadrons. Hadrons interact with other fermions both
electromagnetically and via the weak interaction.

Three (e, p~, 77) of the six leptons have electric charge whereas the neutrinos (v,
v, vr) are electrically neutral. By virtue of carrying an electric charge, the electron,
muon, and tau leptons interact electromagnetically while the three neutrinos dynamics is
directly influenced by the weak nuclear force only. A general statement about neutrinos
is that they do not decay and pervade the universe although rarely interact with baryonic

maptter.

Quantum field SUB)c SU(2)., U@1)y

_ Ur, Cr 193
o ()G e e

GG e
€L Hr L

UR = ug, Cr, tr 3 1 2/3

Dr = dg, sr, br 3 1 -1/3

Er = er, ur, 7r 1 1 -1

Table 1.1: Fermion quantum fields in the Standard Model. Quantum numbers relative
to the gauge symmetries are indicated.



1.1 Neutrinos in the Standard Model

The complete set of fermions entering the Standard Model is shown in Tab. 1.1
together with the corresponding quantum numbers: right- and left-handed fields are
listed separately. This is due to the fact that the weak interaction only involves the
left-handed fields and therefore the Standard Model is a chiral theory.

The model also contains a single Higgs boson doublet ® with charges (1, 2, %), whose
vacuum expectation value breaks the gauge symmetry. This is the only piece of the SM
model which still misses experimental confirmation and for this reason the search for
the Higgs boson remains one of the premier tasks of present and future high energy
collider experiments.

Neutrinos that reside in the lepton doublets are named active neutrino and they have
weak interactions. On the other hand, if a neutrino does not have SM gauge interaction,
it is called sterile neutrino and it is a singlet of the global SM gauge group.

The SM only admits three active neutrinos accompanying the charged lepton flavor
eigenstates, e”, u~ and 7~ therefore the weak charged current (CC) interactions be-

tween neutrinos and their corresponding charged leptons are given by the Lagrangian:

g
Lo = ——— v M- W + hee. . 1.2
ce QCOSGWEZ:ULZ7 LW e (1.2)

In addition, the SM neutrinos have also neutral current (NC) interactions:

g _
—Lne = ﬁz vy vz, - (1.3)
.

W and Z° are, respectively, the charged and neutral vector bosons which mediate the
weak interactions. These bosons are very massive (Mw z ~ 90 GeV) hence they give
rise to interactions of very short range. W¥ exchange results in a change of charge of
the lepton, while Z° exchange does not.

In the Standard model all neutrino interactions are described by these two La-
grangians and no sterile neutrinos are assumed to exist. Furthermore, from Eq. 1.3
it is possible to determine the decay width of the Z° boson into neutrinos. This de-
cay width results to be proportional to the number of light? left-handed neutrinos. At
present the measurement of the invisible Z° width yields N, = 2.984 4- 0.008 (Ref. [7])

hence it follows that there are only three light active neutrinos.

An important feature of the SM, which is relevant to the question of the neutrino

mass, is the fact that the gauge symmetry Ggy and the particle content of Tab.1.1

mgyo
2In defining a neutrino light, we reasonably assume that m, < z




Neutrino Physics

presents an accidental global symmetry:
GE™ = U(1)p x U(L)r, x U(L)r, x ULy, -

U(1)p is the baryon number symmetry, and U(1)L,, 1, L, are the three lepton flavor

symmetries, with total lepton number given by
L=Le+L,+L-.

In the Stardard Model, fermions masses arise from the Yukawa interactions which
couple a right-handed fermion with its left-handed doublet and the Higgs field:

~Lyulawa = Y§j Qui ¢ Drj + Y§ Qui & U + Yij Lii ¢ Egj + h.c. (1.4)
where ¢ = i ¢*. After a spontaneous symmetry breaking, the Yukawa contribution

leads to charged fermion masses defined as:

£ U v 0
L — = = 246 GeV ,
12 e ¢

being Yifj the Yukawa coupling of the fermion fields with the Higgs field, and % the

f _
mj; =Y

vacuum expectation value of the Higgs field.

However, since no right-handed neutrinos exist in the model, the Yukawa interactions
of Eq. 1.4 leave the neutrinos massless. Hence, the Standard Model assumes that
neutrinos are massless and, in order to give them a mass, the Standard Model should
be extended.

1.2 Massive neutrinos

As it was discussed in the previous paragraph, neutrinos are introduced in the SM as
truly massless fermions however, the experiments that measured the flux of atmospheric
neutrinos found a disappearance of muon neutrinos when propagating over distances of
order of hundreds or more kilometers. On the other hand, experiments that measured
the flux of solar neutrinos found a disappearance of solar electron neutrinos while prop-
agating to the earth. These experimental results could be easily explained assuming
neutrino flavor oscillations which, as pointed out by Pontecorvo and Gribov (Ref. 8, 9])
in 1968, can occur only if neutrinos are massive and mixed.

In general, additional neutrino mass terms can be of two different types: Dirac or

Majorana. In the case of Dirac neutrinos, the neutrino mass term is generated by the

7



1.3 Solar Neutrinos

same standard Higgs mechanisms that produce quark and charged lepton masses. One
introduces the fields y{% (i=e, u, 7), the right-handed neutrino fields, which must be
singlets under the SM gauge group: v4(1, 1, 0). By introducing the right-handed (ster-
ile) neutrinos, the neutrino mass term does not destroy the global gauge invariance of
the total Lagrangian since the Dirac mass term is generated after spontaneous symmetry

breaking from Yukawa interactions:
_ﬁgass = Mp (gR vy, + hC) . (15)

The total lepton number L is conserved but the separate lepton flavor symmetries are
broken. As a consequence, neutrino with definite mass are Dirac particles described by
four-component spinors and Dirac neutrinos and anti-neutrinos have opposite L.

In the case of Majorana neutrinos, the lepton number L is not conserved anymore and
the neutrino mass term is a linear combination of the product of left- and right-handed

(charge-conjugate) components of neutrino fields:

_rM

mass

1
= 5 My (7 1+ huc). (1.6)

The Majorana mass term breaks the lepton number by two units and Majorana neutri-

nos obey the so-called Majorana condition:
UM = Vg -

Up to a possible Majorana phase e, this condition implies that one field describes both
neutrino and anti-neutrino states, which are not distinguishable. Therefore, a Majorana
neutrino is described by a two-component spinor while Dirac particles, are represented
by four-component spinors.

At present, the question of the Dirac or Majorana nature for neutrino masses is still

theoretically and experimentally open.

1.3 Solar Neutrinos

The basic nuclear process in the sun and in most of the other stars is the fusion of
hydrogen into helium. Hydrogen is by far the most abundant element in the universe:
more than 90% of the atoms in the universe are hydrogen, and all but less then 1% of
the remainder are helium.

We owe the idea that the solar energy is produced by nuclear fusion reactions to
Hans Bethe who, in 1939, laid out the foundations of the theory of how stars burn (Ref.

8



Neutrino Physics

[10]). The sun can be seen as an extremely successful prototype of a self-sustaining
thermonuclear reactor. In fact, as far as we can tell from the fossil records on earth,
the sun’s output has been nearly constant over a time scale of more than 10? years.
Neutrinos are an essential part of the process of stellar evolution. The sun shines
because of the thermonuclear reactions which happen in the core of the sun and gen-
erate the solar energy. These reactions produce electron neutrinos, the so-called solar
neutrinos, and occur via two main chains: the proton-proton pp chain (Sec. 1.3.1) and
the carbon CNO cycle (Sec. 1.3.2). Both chains end up in the fusion of protons into

helium as described via the compact form:
4p — He+2e" + 200+, (1.7)

with an energy release of about 28 MeV, eventually appearing as sunlight.
The solar neutrinos have energies roughly in the range of a few MeV, depending on
the involved nuclear reactions. Since the density of a typical stellar core is about 100

0—43

g/cm3 and typical v.-e scattering cross section is around 1 cm?, the mean free path

of a neutrino is of the order of 1017

cm, which is much larger than the radius of the sun
and of typical stars. Thus, neutrinos escape the sun (or the stars) carrying away about
2-3% of the total energy emitted by the star. Solar neutrinos and in general stellar
neutrinos are messengers of physics information coming from the stellar core. Therefore
a detailed study of stellar neutrinos is very useful in providing information on stellar
interior, as well as in probing the theoretical models for the structure and evolution of

the sun and other stars.

1.3.1 pp chain

The theory that a reaction between two protons could be the starting point of the
sun burning chain was firstly proposed by sir Arthur Eddington in 1926 (Ref. [11])
but, regardless his theoretical work, it was still unclear how could be possibile that
a proton-proton fusion proceed since 2He, the most obvious product, is very unstable
and immediately dissociates back into a pair of protons. Finally in 1939, Hans Bethe
proposed (Ref. [10]) that a combination of four protons and two electrons could occur
essentially in two ways only: one by assuming two protons to react and form a deuteron,
the other by using carbon and nitrogen as catalysts (i.e. the CNO cycle).

Indeed the very first step in the fusion process is the combination of two protons to

form the only stable two-nucleon system, the deuteron:

pp: p+p — 2H4et + v, Q=0.42MeV, B.R.=099.77%;
pep : p+e +p — 2H+ur, E, =1.44MeV, B.R.=0.23%.
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PP pep
p+p—>2H+e++Ve 99.77 % 0.23 % p+e_+p—>2H+1/e
84.92% 107°%

H4+p — *He+ 7y

hep
15.08% 3He+p — 4He+ e+ + Ve

0.1%
"Be+p — *B+y

3He + “He — "Be + 1~

99.9%
"Be B
"Be+e” — "Li+ v, 8B — 8Be* + et + 1,

SHe + *He — “He+2p | | "Li+p — *He+ *He 8Be* — “He + “He

PP-1 PP-1I PP-III

Figure 1.1: Sequence of processes in proton-proton pp chain of fusion reactions.

The neutrino in the final state is the clear signature of a weak interaction process
occuring to a proton which decays into a neutron and this is the only possibility since not
enough energy is available to create, for instance, a 7 meson and to have p — n+ 7.

After deuteron formation, the following reaction is likely to occur:
H+p — 3He+~.

At this point, the deuteron-deuteron reactions are very rare because of the small number
of deuterons present: only one deuteron is formed every ~ 10'® protons, so it is about
10'® times more likely that a deuteron reacts with a proton rather than with another
deuteron. It is also unlikely for He to react with 2H because of the density of 2H is

very low and because deuterium is converted to 3He very rapidly.

10



Neutrino Physics

Basically, after the *He formation, only three sub-branches are possible. The most
frequent branch, named PP-I (B.R. ~ 85%), leads to the production of *He and to the

conclusion of the pp chain:

pp—1: SHe +3He — ‘He+2p+1~ Q=129MeV.
The second sub-branch involves reaction of ®He with protons:

hep : SHe+p — “He+et + 1, Q =18.8 MeV .

Neutrinos produced in this reaction, the hep neutrinos, have a continuous spectrum and
are characterized by the highest energy (E, : 0 — 18.8 MeV) among all the pp chain
neutrinos. Anyway, the hep reaction barely happens (B.R.= 107°%).

The last possibility (B.R.~ 15%) is the combination of *He with an « particle re-

sulting in the creation of "Be:
3He +*He — "Be + 7.
In this case, the production of “Be can be followed either by:

pp —1II: Be+e” — TLi+ v, E, = 0.862 MeV
Li+p — “He+ “He

or by the processes:

pp — III: Be+p — B+~
8B — ®Be+et + 1, Q = 15MeV
8Be — *He + *He.

The net reaction and the net Q-value are the same for each of the three possible paths.
The one actually chosen depends on the composition of the star and on its temperature.
In the sun case, the first channel (PP-I branch, ~ 85% of total neutrino flux) results
in a continuous distribution of neutrinos with a maximum energy of 0.42 MeV. In the
second case (PP-II branch, ~ 15 % of the total neutrino flux), the two-body "Be electron
capture gives a monoenergetic neutrino of energy 0.862 MeV (B.R.= 90.7%) while the
8B decay (PP-III branch, ~ 107% % of the total neutrino flux) gives a continuous neu-
trino distribution with endpoint at about 15 MeV. The complete chain is schematically
indicated in Fig. 1.1.

11
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BO4p — YN+~ 170 4 p — N+ *He
/

BN = BC+et 41, “N+p = PO+~ F+et = O+ v
/

Lotp - BN+~ 0 — Y"N+et +u, Y0+4+p = "F+ny
/

BN 4+p — 2C+ *He AL BN4+p — 190+

CvCLE C-N CYCLE N-O

Figure 1.2: Sequence of processes in Carbon C'NO cycle of fusion reactions.
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)
b
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Figure 1.3: Power generation per mass unit of fuel for proton-proton and carbon pro-
cesses. The dashed line indicates the sun’s power of about 2 x 10~ W /kg
(Ref. [12]).
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1.3.2 CNO chain

When elements heavier than hydrogen and helium are present in the interior of a star,
a series of fusion reaction different from the pp-chain can occur. This is the case of the
carbon or CNO cycle (Fig. 1.2). The CNO cycle starts with a '2C nucleus capturing
a free proton and producing radioactive '3N. Actually, in this cycle, the 2C is neither
created or destroyed, but acts as a catalyst to aid the fusion process.

As already said, the net process is:
4p — He+2et + 200+,

as in the proton-proton chain, with the same Q-value.

From Fig. 1.2 it can be seen that the CNO cycle is actually composed by two sub-
cycles, the Carbon-Nitrogen (C-N) and the Nitrogen-Oxigen (N-O) cycles, sharing the
reactions:

UN+p = B0 +4

50 - BN+et 41,

which determine the overall cycle rate.

The carbon cycle can proceed more rapidly than the pp-chain because it has no
analogue of the deuterium bottleneck. However, the Coulomb barrier is 6 to 7 times
higher for proton reactions with carbon and nitrogen than for proton-proton reactions
and therfore the CNO cycle will be dominant only at relatively high temperatures,
when additional thermal energy can increase the probability to penetrate the Coulomb
barrier.

Actually, as it can be seen in Fig. 1.3, the CNO cycle dominates over the pp chain
only if the temperature exceeds 1.8 x 107 K that is a power generation of 1072 W /kg
roughly. For the sun, this condition is not met, and the CNO cycle contributes only

1.5% to the total neutrino production.

1.3.3 The Standard Solar Model

The calculation of solar neutrino fluxes for both the pp chain and the CNO cycle depends
on many factors such as the solar temperature, relative abundance of elements, nuclear
reaction rates as well as the hydrodynamics of the solar interior. This calculation was
pioneered by John N. Bahcall and co-workers, and subsequently performed by other

groups as well.
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Figure 1.4: Solar neutrino fluxes on the earth’s surface (Ref. [13, 14]): the neutri-
nos originated in the pp-chain with solid lines; the neutrinos originated in
the CNO cycle with dashed lines. For the continuous spectra, the unit is
cm~2s~ ! MeV~1!; for the discrete lines, the plot unit is cm=2s~1.

Since according to the net reaction (Eq. 1.7), two neutrino shares the total *He
binding energy of E(*He) ~ 28 MeV, a rough calculation of the order of magnitude of

the total neutrino flux on earth gives:

Lo
b ~ T
ird2, x LE(*He)

~6x10" yem™2s7! (1.8)

where L, is the solar luminosity (Le = 4 x 1033 erg/s), and dg is the sun-to-earth dis-
tance (dge = 1.5 x 10'3 cm). As already discussed in Sec. 1.3.1, the main contribution
to the solar neutrino flux comes from the pp reaction products so it is very reasonable
to estimate the pp neutrino flux on earth to be about 10! vecm=2s71 (see also Fig.
1.4). In order to calculate the effective flux for each neutrino belonging to either the pp

chain or the CNO cycle, a solar model is needed.
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A stellar model is a solution to the evolutionary equation of a star and its basic
assumption is that the gravitational contraction and the radiative pressure from the
thermonuclear reaction exactly counterbalance each other.

The Standard Solar Model (SSM) is a stellar model tailored on our closest and best
known star, the sun. The SSM gives a quantitative description of the sun and it is
based upon results of experimental observations, laboratory measurements of nuclear
reactions cross-sections and theoretical predictions. Other basic assumptions are: spher-
ical symmetry, hydrostatic and thermal equilibrium, equation of state of an ideal gas,
and present surface abundances of elements similar to the estimated primordial com-
position. The boundary conditions and main inputs to the model can be summarized

as:

the solar luminosity;

the solar age;

the solar mass;

the solar radius;

the initial elemental abundances (the metallicity®);

the nuclear parameters.

Inputs are also provided by the cross sections and energies of the nuclear reactions
involved, the opacity of the star, and its isotopic abundances. The evolution equation
then outputs, among other quantities, the energy spectrum and fluxes of all the emitted
neutrinos.

In the last years, a real controversy over the solar chemical composition, the so-
called solar metallicity problem arose. Originally the adopted elemental abundances was
the one derived from the so-called high metallicity hypothesis (Ref [15]). Nevertheless,
starting from early 2000’s, a set of improved measurements of the elemental abundances
on the sun surface has suggested to reduce the content of heavier elements such as
carbon, nitrogen and so on; this is the origin of the so-called low metallicity hypothesis
(Ref. [16, 17]) which today is a widely accepted alternative scenario to that of the high
metallicity. Changing the input abundances causes a change in the prediction of the
neutrino fluxes which is more or less relevant depending on the particular source. More
refined calculation are in progress and the solar metallicity controversy is still an open

question in the solar physics field.

3In astrophysics, the metallicity of an object is the fraction of chemical elements other than hydrogen
and helium.
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SOLAR NEUTRINO FLUXES - SHP11

v Flux High Metallicity Low Metallicity —Difference %

pp 5.98(1 £0.006)  6.03(1 & 0.006) 0.8
pep 1.44(140.012)  1.47(1 +£0.012) 2.1
hep 8.04(14+0.30)  8.31(140.30) 3.4
"Be 5.00(1 £ 0.07) 4.56(1 4+ 0.07) 8.8
B 5.58(1+£0.14)  4.59(1£0.14) 17.7
BN 2.96(1 £ 0.14) 2.17(1 £0.14) 26.7
150 2.23(1 £0.15) 1.56(1 4 0.15) 30.0
I"p 5.52(1 £ 0.17) 3.40(1 £ 0.16) 38.4

Table 1.2: Neutrino fluxes as predicted by the SHP11 Solar model (Ref. [18]) having
as input the GS98 high metallicity solution (Ref. [15]) and the AGSS09 low
metallicity solution (Ref. [17]). The percentage difference among the two
predictions is indicated. The fluxes are given in units of 10'°(pp), 109("Be),
108 (pep, 13N, 150), 106(8B, 17F) and 103(hep) cm~2 s~!. Asymmetric un-
certainties have been averaged.

The real problem is however due to the fact that, if the low metallicity abundances
are given as input, the solar model fails to reproduce some of the helioseismological
observables, like the speed of sound on the sun surface. On the other hand, the internal
structure predicted by the solar models which have as input the high metallicity abun-
dances, is in exceptional agreement with the same helioseismological measurements.
Nowadays, mainly for this reason, the most used Standard Solar Model is still the one
computed assuming the high metallicity elemental abundances. But, in this case, a

disagreement with measured metal abundances remains.

The work presented in this Ph.D. thesis is based on the Standard Solar Model (Ref.
[18]) recently published by Aldo Serenelli, William Haxton and Carlos Pena Garay. This
solar model, hereafter called SHP11, uses newly analyzed nuclear fusion cross sections
and, among many other quantities, predicts the different solar neutrinos fluxes according
to the high (GS98, Ref. [15]) or low (AGSS09, Ref. [17]) metallicity hypothesis.
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The predicted neutrino fluxes on earth are listed in Tab. 1.2, with their associ-
ated theoretical uncertainties: the second and third columns show the neutrino fluxes
calculated in the high and low metallicity hypothesis respectively.

The maximum difference between the two predictions is found for the CNO neutrinos
(about 30%). Also the “Be and the ®B neutrino fluxes change significantly (8.8% and
17.7% respectively), while pp and pep neutrinos are basically unaffected.

1.4 Other sources of neutrinos

Solar neutrinos are not the only source of neutrinos in the universe: there are many
different processes, natural or antrophic, which can yield neutrinos production.
In general, neutrinos can be classified according to their sources. In addition to solar

neutrinos, there can be:

e reactor neutrinos,

accelerator neutrinos,

geologic neutrinos (the geo-neutrinos),

atmospheric neutrinos,

Big Bang neutrinos (the relic neutrinos),
e supernovae neutrinos.

The first two categories are antrophic while the others have natural origin.

Nuclear reactors are the major source of human-generated neutrinos. Anti-neutrinos
are emitted in the beta-decay of neutron-rich daughter fragments in the fission process.
The average nuclear fission releases about 200 MeV of energy, of which roughly 4.5%
is radiated away as anti-neutrinos. The anti-neutrino energy spectrum depends on the
degree to which the fuel is burned (for instance, 23°Pu fission anti-neutrinos on average
have slightly more energy than those from 23°U fission), but in general, the detectable
anti-neutrinos from fission have a peak energy between about 3.5 and 4 MeV, with a
maximal energy of about 10 MeV (Ref. [19]).

Some particle accelerators have been used to make neutrino beams, the so-called
accelerator neutrinos. The most common technique is to smash protons onto a fixed
target, producing charged pions or kaons. These unstable particles are then magnetically
focused into a tunnel where they decay, emitting neutrinos while in flight.

For what concerns the natural sources, neutrinos are part of the natural background

radiation in the crust and mantle of the earth. In particular, the decay chains of 238U
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and 232Th isotopes, as well as “°K, include beta decays which emit anti-neutrinos, the
so-called geo-neutrinos (see also Sec. 2.8.5).

Atmospheric neutrinos result from the interaction of cosmic rays with nuclei in the
earth’s atmosphere, creating showers of particles, many of which are unstable and pro-
duce neutrinos when decaying.

The relic neutrinos are defined as the background of low energy neutrinos left over
from the Big Bang in our universe.

Neutrinos are also an important product of Type Ib, Ic and Type II supernovae. In
such events, the density at the core becomes so high (10'7 kg/m?) that protons and
electrons combine to form a neutron and an electron neutrino. A second and more
important neutrino source is the thermal energy (3 x 10%3 erg) of the newly formed
neutron core, which is dissipated via the formation of neutrino - anti-neutrino pairs of
all flavors (Ref. [20]). Most of the energy produced in supernovae is thus radiated away

in the form of a burst of neutrinos.

1.5 Neutrino Oscillation

Regardless of their origin, neutrinos can only be produced and detected via weak inter-
actions, namely, with a definite flavor.

However, if neutrinos are massive, the states of definite flavor may not coincide with
states of definite mass. Then, the neutrino beam produced is a superposition of different
mass eigenstates. As the beam propagates, its components evolve differently so that the
probability of finding different flavor eigenstates in the same beam varies with distance,
hence the oscillation phenomenon pointed out by B. Pontecorvo.

If neutrinos have masses, in general, the flavor eigenstates v, are a superposition of

mass eigenstates v; with different masses m;:
n
va) =Y Ubin), (1.9)
i=1

where n is the number of light neutrino species and U is the mixing matrix (U — U*
for v — 7).
For simplicity, one can assume the same 3-momentum p for the different components

in the neutrino beam. Since their masses are different, the energies of these components

Ei:HpQ—I—m?.

After travelling a distance L or equivalently, for relativistic neutrinos, a time ¢, a neu-

are also different:
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trino originally produced with flavor « evolves as:
PNG) ZU li(t)) . (1.10)

In defining |v,(t)), we reasonably assume that the neutrinos v, are stable particles.

Thus, at any time ¢, the probability of finding a v in the original v, beam is:

Pag = [vplva(t) ZZUMUgJ (wili(1))]? (1.11)
i=1 j=1
- ZZ |UaiUinZjUﬂj‘ cos[(Ei — Ej) t — vasijl

i=1 j=1

where E; (m;) is the energy (the mass) of the neutrino mass eigenstate v; and
vapij = arg(UaiUgs, Uy ;Ug;j) -

In all practical situations, neutrino are extremely relativistic so that it is possible to

rewrite:
2

1
2|p|

Using the time evolution, |;(t)) = e ¥it|14(0)) and the ortogonality relation between

(P%).

il = [pjl =lp[~E = Ei~

the mass eigenstates (vj|vi) = dij, we get the following transition probability:

Pog = Oap + 22 S [UqaiU%; U Ugjl sin(2 Xy) 423% [UaiU%;U%;Ugjl sin? Xy
i#] i#j
(1.12)

where
(m? — mJQ) L Am2 L/E
Xj=-—3. " 197
4E eV2 m/MeV

(1.13)

Here L is the distance between the production point of v, and the detection point of
vg. The second sum in Eq. 1.12 (the Real part, R) is CP conserving while the first
one (the Imaginary part, &) is CP violating and has opposite sign for neutrinos and

anti-neutrinos.

The transition probability in Eq. 1.12 shows an oscillatory behavior with amplitudes

that are proportional to elements in the mixing matrix, and with oscillation lenght:

Ly = (1.14)
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The oscillation lenght gives a distance scale over which the oscillation effects can be
appreciable. Thus, as anticipate before, in order to undergo flavor oscillations, neutrinos
must have different masses (i.e. Am% # 0) and they must mix (i.e. UyiUgj # 0).

A neutrino oscillation experiment is characterized by the typical neutrino energy FE
2
ij’
the experiment has to be set up with E/L ~ Am?j that is L ~ L™, Tab.1.3 reports the

typical value of L, E for different types of neutrino sources and experiments.

and by the source detector distance L. In order to be sensitive to a given value of Am

Neutrino sources | L (m) E (MeV) Am?j (eV?)
Solar 1010 1071 — 10 10~10
Atmospheric 104 — 107 | 102 — 10° | 107* — 107!
SBL | 102 — 103 1073 — 1072
Reactor 1-10
LBL | 10* — 10° 107° — 1074
SBL 102 102 — 10* <1071
Accelerator
LBL | 10° — 106 104 1073 — 1072

Table 1.3: Characteristic values of L and FE for various neutrino sources and experiments,
and the corresponding ranges of Amiz. to which they can be most sensitive.
Acronym SBL means Short BaseLine, LBL means Long BaseLine

In general, if E/L > Am?j (L < L), the oscillation phase does not have time to
give an appreciable effect because sin? Xj; < 1. Conversely, if L > L, the oscillating
phase goes through many cycles before the detection and is averaged to (sin? Xij) =1/2.
Maximum sensitivity to the oscillation phase and therefore to Am?j is obtained when

the set up is such that:

1. E/L = Amizj;

2.

2. the energy resolution of the experiment is good enough, AE < L Amu,

3. the experiment is sensitive to different values of L.

1.5.1 Vacuum oscillations

In order to study the propagation of neutrino flavor eigenstates in vacuum, it is useful
to start with the analysis of a two-neutrino case and then to extend the reasoning to

the three-neutrino case. It is convenient to analyze the oscillation data in terms of the
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simplest assumption that there is oscillation between two neutrinos only. In this case,

the mixing matrix U depends on a single parameter § and has a particularly simple

0 .
U— ( cos sin @ )7 (1.15)

form:

—sinf@ cos@

and there is a single mass-squared difference Am?. Then, the P,s in Eq. 1.12 takes the
well known form:
Pos = 0 — (2005 — 1) sin? 20 sin* X . (1.16)

That is, for a given flavor of neutrino, a survival (conversion) probability:

Poo = 1-sin?20sin’X, (1.17)
P.s = sin?20sin®X  (az8). (1.18)

The physical parameter space is covered with Am? > 0 and 0 < 4 < 5. Anyway,
there is a two-fold discrete ambiguity in the interpretation of P,g in terms of neutrino
mixing: the two sets of different physical parameters (Am?, ) and (Am?, Z — 6) give
the same transition probability in vacuum. One cannot tell from a measurement in
vacuum whether the larger component of v, resides in the heavier or lighter neutrino
mass eigenstate. This symmetry is lost when there are more than two neutrinos mixed

in the neutrino evolution and/or when neutrinos travel through regions of dense matter.

In real world, there are (at least) three neutrinos so the two-generation analysis
previously done holds strictly only in extreme cases, e.g. when one of the neutrinos is
effectively decoupled from the other two. A formula similar to Eq. 1.16 can be derived

in the realistic cases when all three neutrinos mix with one another.

In this case, the mixing matrix can be conveniently parametrized as the product of

four sub-matrix:

1 0 0 Cc13 0 513€—i5CP ci2 s12 0
U=1] 0 c3 23 |- 0 1 0 | —s12 c2 0 | -Umag
0 —s93 co3 78136—2'5013 0 Cc13 0 0 1
(1.19)
where:
em 0 0
Umay = 0 €™ 0 |, ¢j=cosb and sij=sinby.
0 0 1

The angles 6;; can be taken without loss of generality as ;5 € [0, /2] and the phases
5CPa n, M2 € [01 27T]
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In particular, if there are only three Majorana neutrinos, U is a 3 x 3 matrix which
relies on six indipendent parameters: three mixing angle (62, 023, 613) and three phases
(6cps 11, M2)-

In the case of three Dirac neutrinos, the Majorana phases 7; and 72 are absorbed
in the neutrino states and therefore the number of physical phases is one, similarly to
the Cabibbo-Kobayashi-Maskawa (CKM) matrix for quarks. In any case, the phases n;
and 72 never appear in oscillation phenomena since they cancel out in U U* products.

For Dirac neutrinos, the mixing matrix U is called the Pontecorvo-Maki-Nagakawa-
Sakata (PMNS) matrix and takes the well known form:

€12 €13 512 €13 s1g e oer
_ —is —is
U= | —si2c23 —c12813523€ 9P c1ac93 — S12 513 Saz € °CF €13 523 ,
—is —is
512 823 — €12 8513 C23 € °CF  —cip 823 — 812 813 C23€ °CF  ci3¢03
(1.20)
commonly parametrized in its very compact form:

Uel UeQ UeS

U=| Ug Us Us |- (1.21)
UTl UT2 U’T3

Using the above mixing matrix (Eq. 1.20) inside Eq. 1.12 and assuming the so-
called normal hierarchy (Am3, > Am3,), one gets the following expression of the

survival probability in vacuum for an electron neutrino v,:

+ sin? 613 . (1.22)

Am?
Pee = cosfys [1 — sin® 2615 sin® ( 4]321 L)

If 013 happens to be very small, the resulting Pe, coincides with the survival probability

obtained in Eq. 1.17 for the two flavor case.

1.5.2 Matter-enhanced oscillations

When neutrinos propagate in dense matter, the interactions with the medium affect
their flavor evolution (Ref. [21]). The basic reason for this behavior is simple: normal
matter has electrons but no muons or taus at all. Thus, if a v, beam goes through
matter, it can undergo to both charged and neutral current interactions with electrons.
On the other hand, low-energy v, or v, interact with the electron only via neutral

current, so their interaction is different in magnitude than that of the v..
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The evolution equation for n ultrarelativistic neutrinos propagating in matter, writ-

ten in the mass basis, can be cast in the following form:

dv
iq,=HF7 and H=H,+UVU, (1.23)
x
where 7 = (v1, v, ..., vn)T, Hy is the Hamiltonian for the kinetic energy and V is the

effective potential that describes the coherent forward interactions of the neutrinos with

matter in the flavor basis.

In 1985, S. Mikheyev and A. Smirnov found out a very relevant feature of oscillation
in matter: they discovered that, under particular conditions, the matter effect can lead
to a resonant flavor transition (Fig. 1.5). This effect, known as MSW mechanism, is a

key-point in explaining the solar neutrinos flavor oscillation (see Sec. 1.3).

For sake of simplicity, as we did in studying vacuum oscillations, the analysis is
first reported in the simplest case of two-flavors and then extended to the three-flavors
case. We study the evolution of v, in a medium with electrons, protons and neutrons
with corresponding ne, n, and n, number densities. We start considering the effect
of the charged current interactions which only involve electron neutrinos (and anti-
neutrinos of course) and the electrons of the medium. The effective charged current

(CC) Hamiltonian can be parametrized as a contribution to the v, potential energy:
Voo = +V2Grne, (1.24)

where Gr is the Fermi coupling constant and n, the electron number density; the sign
is positive for neutrinos and negative for anti-neutrinos. A detailed derivation of the

matter potential can be found, for example, in Ref. [22].

For v, and v; the potential due to its CC interactions is zero for most media since
neither p or 7 particles are present. In the same way as for Voc, one can derive the

effective potential for any active neutrino due to the neutral current (NC) interactions:

V2
Ve = 7GF [—1ne (1 - 4sin® 0y,) + np, (1 — 4sin? Oy,) — n,| . (1.25)

In neutral matter n. = n, so the contibutions from electrons and protons cancel each

other and only the neutron contribution is left:

V2
VNC = —7GF ny, . (1.26)

So, the evolution equation (Eq. 1.23) for the three SM active neutrinos with purely SM
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interactions in a neutral medium with electrons, protons and neutrons with U¥ = U,

yields a global effective potential V which can be written as:
V = diag (i\@ Gr (), 0, 0) = diag (Vcc, 0, 0) . (1.27)

The sign + (or —) refers to neutrinos (or anti-neutrinos) and ne(z) is the electron
number density in the medium, which in general changes along the neutrino trajectory
and so does the potential. Since the neutral potential V¢ is the same for all flavors,
it does not affect oscillations. In fact, Vyg is flavor diagonal and therefore can be
eliminated from the evolution equation as it only contributes to an overall phase which

is unobservable.

(mz) v

Low density — High density A

Figure 1.5: The effective masses in matter (“%,2’ Eq. 1.28) for two neutrino flavors as a
function of the density A (Eq. 1.29). The solid lines are the instantaneous
effective masses, the dashed lines are the expectation values of squared mass
for the states ve and v,. For the plot it is assumed 6 = 0.3 and the vertical
scale is arbitrary.

The instantaneous mass eigenstates in matter, 1, are the eigenstates of H for a

fixed value of x and are related to the flavor basis by:
7="U(x)r™,

while p;(x)?/(2E) are the corresponding instantaneous eigenvalues, being p;(z) the

instantaneous effective neutrino masses.
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In the simplest case of the evolution of a neutrino state which is an admixture of
only two neutrino species |v,) and |vg), the instantaneous effective neutrino mass can

be cast as:

2 1 2 2 Am%l .
o= g ml+m2—|—Aj:T\/sm229+(cos2¢9—$)2 : (1.28)

)

where, for the sake of convenience, we defined:

A

A=2V2Grn.E=2E(Va—Vpg)  and T A,

(1.29)

The behaviour of u? and ;3 as functions of A are shown schematically in Fig. 1.5.

Propagation through matter is hence determined by these two eigenvalues, with the

corresponding eigenstates U, related to the flavor eigenstates as follows:

- cosby, sinf, Ve cosl, sinf, %z
U= ) = = ) ~ . (1.30)
—sinf,, cosfy vy —sinf,, cosfy Uy
The angle 6y, is the instantaneous mixing angle in matter and it is given by:

00 Am? sin 20 |31
t = . .
an Am?cos 260 — A ( )

Notice that, for a given sign of A (depending on the composition of the medium and on
the flavor composition of the neutrino state), the mixing angle in matter may be either
larger or smaller than in vacuum. Thus, the octant symmetry present in vacuum oscil-
lations in broken by matter potentials. Generically matter effects are important when
for some of the states, the corresponding potential difference factor A is comparable to
their mass difference term Am? cos26. Most relevant, the mixing angle tan 6, changes
sign if in some point along its path the neutrino passes by some matter density region

verifying the resonance condition:
AR = Am? cos 26 . (1.32)

If in vacuum the lightest mass eigenstate has a larger projection on the flavor a while
the heaviest has it on the flavor 3, once inside a matter potential with A > Ay the
opposite holds. Thus, for a neutrino system which is travelling across a monotonically
varying matter potential, the dominant flavor component of a given mass eigenstate

changes when crossing the region with A = Ag.
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Figure 1.6: Non-adiabatic evolution. Propagation of a neutrino from the sun to the
earth.

This phenomenon is known as level crossing and it is indicated in Fig. 1.5. For
constant or slowly enough varying matter potential, the instantaneous mass eigenstates
vi" behave approximately as energy eigenstates and they do not mix in the evolution.
This phenomenon is called adiabatic transition. On the contrary, when the matter
potential experiences a considerable variation, the instantaneous mass eigenstates mix
along the neutrino path so there can be level-jumping (see Fig. 1.6) and the evolution

is named non-adiabatic.

1.5.3 The MSW effect for solar neutrinos

In order to study solar and supernova neutrinos, it is useful to study the oscillation
probabilities of neutrinos that are produced in the core of the star (where matter effects
are important) and escape into the vacuum (where matter effects are negligible): at
some intermediate point, matter effects can be resonant (MSW mechanism). Let the
star be the sun and, once again, let assume the case of two neutrino generations. Briefly,

solar neutrinos behave as follows:

e 1, are produced in the core of the sun (r ~ 0). The probability of v, being viy,
or Vo, are cosZ 6, and sin? 6, respectively. When matter effects are dominant,

Ve ™ Uopy 1.€. sin? 6y, = 1.

e The oscillation wave-length A is much smaller than the solar radius rgy,. Therefore
neutrinos propagate for many oscillation wave-lengths: the phase averages out
so that we have to combine probabilities instead of amplitudes. If the density
changes very slowly, that is the adiabatic approximation case, each neutrino mass
eigenstate will remain the same. Otherwise neutrinos will flip to the other mass

eigenstate with some level-crossing probability P¢ (see Fig. 1.6).
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So for vop, and equally for vy, it follows that:

Vom (I & Tgyn) = V2 with probability 1 — P ;
Vom (r = 0) evolves to ) .
Vim (r & rgun) = v1 with probability Pc .

e Neutrinos propagate from the sun to the earth, and possibly inside the earth
before reaching the detector. For simplicity, here we ignore earth matter effects.

e Finally, the 15 (or v1) is detected as v, with probability sin? 6 (or cos?#).

Combining all these probabilities, as summarized in Fig. 1.6, one gets:

1 1
Pee = 5 + (2 — PC> co0s 260 cos 20, , (1.33)

where 6, is the effective mixing angle at the production point. It is worth to analyze

Eq. 1.33 in few special cases:

a) When matter effects are negligible, 6, = 0 and Pc = 0. This is the case of aver-

aged vacuum oscillations and it is realized for solar neutrinos at lower energies.

1
Pee =1- 3 sin? 26 . (1.34)

b) When matter effects dominate, the heavier effective neutrino mass eigenstate is
Vom (r = 0) ~ 1 and 6 < 1 that is cos 26, ~ —1.

Pe. = Pc. (1.35)

c) When neutrinos propagate adiabatically (Pc = 0) and 0 < 1:
Pee = sin® 6 . (1.36)

This is the case of solar neutrinos at higher energies.

d) When neutrinos propagate in the extreme non-adiabatic limit and 6 < 1:
1.5
Pee =1— 5 sin 20 . (1.37)

The value of Pq = cos?# can be computed by considering very dense matter
that abruptly terminates in vacuum. The produced neutrino v, >~ o, does not
change flavor at the transition region since it is negligibly short. Therefore

Pc = [{vo|11)|? = cos? 0. To understand the reason for which in this particular
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1.6 Solar neutrino experiments

case Pee 18 equal to averaged vacuum oscillations, it is useful to follow the neu-

trino path: matter effects are very large and block oscillation around and after

the production point until, suddenly, they become negligible.

sin0

107!

T T

) Adiabatic matter Non-adiabatic
Vacuum -
o resonance matter effects
oscillations R R
Pc ~0 Pe =~ cos“0

10°
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1 10 10° 10°
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Figure 1.7: Behavior of Pee that illustrates the limiting regimes a, ¢, d previously dis-

cussed. At lower energies, matter effects are negligible (a); at intermediate
energies, matter effects are dominant and adiabatic (c); at higher energies,
the MSW resonance is no longer adiabatic (d). The numerical example
corresponds to solar oscillations. Absorption is neglected. (Ref. [23]).

The above derivation can be easily extended to the case of three neutrino generations

(with the substitution V — V cos? #13) and the analytical expression describing the full

evolution in three neutrino species is:

Pg’e’j = COS4913 Pzeu + Sin4 013 . (138)

From Eq. 1.38, it is clear that the third flavor enters in the survival probability com-

putation only via the fourth power of sin and cos of f13. P2 is the survival probability

of an electron neutrino as calculated with the two neutrino species approximation.

1.6 Solar neutrino experiments

An ideal neutrino detection should measure, at the same time, the neutrino energy,

direction and flavour.
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However, in practice, every neutrino experiment has to find a compromise between
the various and contrasting needs, e.g. between a very high resolution and a very high
fiducial volume.

The main difficulty experimented by physicists, when trying to detect solar neutrino,
is their very low cross section due to their low energy. The strategy to overcome this
obstacle was (and still is today) the requirement of a large volume detector, combined
with a high detection sensitivity, a low background environment and a deep underground
location in order to shield the experiments from cosmic rays.

Until today, only few experiments succeded in matching all the requirements and in
detecting solar neutrinos; they can all be classified in two types: the radiochemical and

the real-time experiments.

o Radiochemical Experiments. Based on neutrino capture reaction by specific
isotopes. The reaction products are the chemically separated from the target mass
and counted through low background proportional chambers. This technique is
sensitive to the total capture rate above a certain threshold (depending on the
chosen isotope) but does not convey any information on the neutrino exact timing
and energy spectrum. Experiments belonging to this category are Homestake,
SAGE and GALLEX/GNO.

o Real-time Experiments. Essentially water Cerenkov or liquid scintillator de-
tectors, this kind of experiments reveals neutrinos through their elastic scattering
on the electrons of the target, or the inverse beta decay reaction on deuterium
which emits energetic electrons or inelastic scattering on deuterium producing
free neutrons. Such experiments supply information about the energy, time and,
for water Cerenkov only, direction of neutrinos. Experiments belonging to this

category are Borexino, Super Kamiokande and SNO.

Here it follows a brief review of the principal neutrino oscillation experiments.

The Homestake experiment

The first result on the detection of solar neutrinos was announced by Ray Davis Jr. and
his collaborators from the Brookhaven laboratory in 1968 (Ref. [24]). In the gold mine
of Homestake in Lead, South Dakota, they installed a detector consisting of ~ 615 tons

of C9Cly where solar electron neutrinos were captured via the reaction:

TCl4+ vy — 3TAr+e .
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1.6 Solar neutrino experiments

The energy threshold of this reaction is 0.814 MeV, so the relevant fluxes are the ones
of "Be and ®B neutrinos.
The average event rate measured (Ref. [25]) during the more than 20 years of

operation is:

R
& 0304003,

R = 2.56 +0.23 SNU _—
@ 7 RY,

where 1 SNU (Solar Neutrino Unit) = 10736 captures/atom/sec, and RS, is the ex-

pectation from to the standard solar model.

The SAGE and GALLEX/GNO experiments

In the early 1990’s two radiochemical experiments started taking data: SAGE (Soviet-
American Gallium Experiment, Ref. [26]) and GALLEX (GALLium EXperiment, Ref.
[27]). They both used "*Ga as target for the reaction:

MGa4+ve » MGe+e .

The SAGE detector was located in Baksan, Russia, and consisted of 30 tons (increased
up to 57 tons starting from July, 1991) of liquid metallic gallium.

GALLEX was located in the national laboratory of Gran Sasso, Italy, and consisted
of 30 tons of GaCl3-HCl. The GALLEX program was completed in late 1997 and its
direct successor, the GNO experiment (Gallium Neutrino Observatory, Ref. [28]), took
data starting from spring 1998 to April 2003.

The special properties of a "'Ga target consist in a low threshold (0.233 MeV) and
a strong transition to the ground level of "'Ge which gives a large cross section for the
lowest energy solar neutrinos: the pp neutrinos.

The averaged event rate (Ref. [29, 30, 28]) measured by SAGE and GALLEX/GNO
is:

Rga
Rga = 68.3 £3.75 SNU — G- = 0.52+0.03,

a
RSSM

again, being 1 SNU (Solar Neutrino Unit) = 10736 captures/atom /sec.

The Super Kamiokande experiment

The Super Kamiokande experiment is set in Kamioka, Japan, and it is a water Cerenkov

detector that is able to detect in real time the electrons emitted from the water by the
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elastic scattering (ES) of the solar neutrinos:
VUp+€ — vp+e .

The scattered electrons produce Cerenkov light which is detected by photomultipliers.
It is important to notice that, while the detection process in radiochemical experiments
is a purely charged current (CC) interaction, the detection via elastic scattering goes
through both the CC and neutral current (NC) interactions. Consequentely, the ES
detection process is sensitive to all the active neutrino flavors, although v, (the only
CC scattering process) gives a contribution that is about 6 times larger than that of v,
or v; due to the difference of the cross section.

Super Kamiokande (SK) started taking data in May 1996 and consists of 45000 tons
of water (22500 fully usable for solar neutrino measurements) and so far it has analyzed
its phase I, II and III.

The phase-I of the Super Kamiokande experiment (Ref. [31]) yielded a precise mea-
surement of the solar neutrino flux. In spite of the loss of numerous photomultipler tubes
sustained in an accident, SK continued to collect data with reduced photo-cathode cov-
erage and a higher energy threshold. Data collection and analysis methods had to be
revised due to the loss of detector sensitivity. Super Kamiokande’s phase II (Ref. [32])
ran from December 2002 to October 2005. The phase III (Ref. [33]) began in October
2006 and ended in August 2008 when the electronics were replaced.

The Super Kamiokande experiment has a detection threshold? of 5 MeV and so, it
can detect only the 8B solar neutrinos (and the very small hep neutrino flux). Their

results (Ref. [33]) are presented in terms of measured 8B flux:

dg
Doy = 2.32 £ 0.04 (stat) = 0.05 (syst) x 106 cm™2 571, q)iK — 0.41 %+ 0.01.
SSM

The SNO experiment

The Sudbury Neutrino Observatory (SNO) was first proposed in 1987 and it started
taking data in November 1999. The detector is located at the Creighton mine, near
Sudbury in Canada, and it consists of a great sphere containing approximately 1000
tons of heavy water, D50, surrounded by photomultipliers. SNO reveals the Cerenkov
light and it was designed in order to give a model independent test of the possible
explanations of the observed deficit in the solar neutrino flux by having sensitivity to

all flavors of active neutrinos and not just to the v.. This sensitivity is achieved because

4This is not the case of SK-II where the energy threshold increased to 7.5 MeV due to a large PMTs
failure.
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energetic neutrinos can interact in the DoO via three different reactions:

CC: voe+d > p+p+e  Eypr=5MeV,
NC: vz+d - n+p+v, Egp =2225MeV,
ES: vp+e” — v, +e,

where x = e, u, 7. The ES reaction though, is much more rare then the other two since
it has a smaller cross section.

A peculiarity of SNO is its ability to directly test whether the deficit of solar v, is
due to changes in the flavor composition of the solar neutrino beam, since the ratio
CC/NC compares the number of v, interactions with those from all active flavors.

In its first year of operation, the SNO collaboration was concentrated on the measure-
ment of the CC reaction rate (Ref. [34]) while in a following phase, after the addition
of MgCls salt to enhance the NC signal, it also performed a precise measurement of
the NC rate (Ref. [35]). In the last phase, phase III, the salt was eliminated and a
network of proportional counters filled with 3He was added with the purpose of directly
measuring the NC rate (Ref. [36]) via the *He(n,p)! reaction.

At present, the SNO most precise determination of the solar fluxes yields (Ref. [37]):

@NCSNO

PYRo = 554 GET (stat) 193] (syst) x 10°em™2 57, ==~ 1.0040.08,
SsM
Pcegno
PG = 1.67700% (stat) 0 0% (syst) x 106 cm=2 571, G = 0.20£0.02,
SsM
Pnegno
PEY o = L7701 (stat) 509 (syst) x 106 cm™2 571, B 0.31 +0.05.
SsM

The Borexino experiment

The Borexino experiment is currently taking data at the Laboratori Nazionali del Gran
Sasso in Abruzzo, Italy. Its main goal is the real-time measurement of the flux from the
0.862 MeV monoenergetic line of “Be solar neutrinos, but Borexino reveals to be a versa-
tile experiments and it also succeded in measuring 8B solar neutrino flux, geoneutrinos
and, recently, pep solar neutrinos.

Borexino employs a liquid scintillator that produces sufficient light to observe low

energy event via the elastic scattering by electrons:
Vp+e — vy+e .

The reaction is sensitive to all neutrino flavors by the neutral current interaction, but
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the cross section for v, is larger due to the combination of charged and neutral currents.
A complete and detailed description of the Borexino detector and results can be found
in Chap. 2.

1.7 Reactor neutrino experiments

Many experiments have searched for oscillation of electron anti-neutrinos produced at
nuclear reactors. Neutrinos produced in nuclear reactors have energies similar to solar
neutrinos, i.e. a few MeV, but the baselines of these experiments have ranged from tens
of meters to over 100 km.

Due to the low energy, electrons are the only charged leptons which can be produced
in the neutrino CC interaction. If the 7. oscillated to another flavor, its CC interac-
tion could not be observed, therefore, oscillation experiments performed at reactors are
basically disappeareance experiments. They have the advantage that smaller values of
Am? can be accessed due to the lower neutrino beam energy.

A high precision observation of reactor neutrino oscillation has been made by the
KamLAND experiment since 2002. KamLAND is a 1000 ton liquid scintillation detector
currently operating in Kamioka mine in Japan. This underground site is located at an
average distance (about 150-210 km) from the several Japanese nuclear plants.

In KamLAND, the three flavor survival probability (P2/), including matter effects,

may be approximated as:
P3 = cos® 613 P% +sin 03,

where P2¥ is the survival probability in matter for the two flavor mixing case.
For reactor anti-neutrinos studied at KamLAND, the matter effect in the Earth is
not as large as for solar neutrinos. Assuming a constant rock density (2.7 g/cm?), the

two-neutrino survival probability is given by:

P2/ =1 — sin® 20}, sin? (1.27 Amy,, L) ,
E
where L is the electron anti-neutrino flight distance in meters from the source to the
detector, E is the 7, energy in MeV, and Am2, is in eV2, while 612, and Am3,,, are
the matter-modified mixing angle and mass splitting discussed in Sec. 1.5.2.
The KamLAND collaboration has recently published (Ref. [38]) new data with an
improved statistics (total exposure of 3.49 x 1032 target-proton-year). In that paper,

the electron survival probability is reconstructed in a 6 bin distribution according to
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different values of the parameter z:

(sin? 2019, siHQ(%fAmQ L))

Ve

T = -
sin? 201

1.8 The global analysis of neutrino data

The analysis which collects and combines all the results coming from the different
types of experiments previously discussed, and tries to extract the maximum amount
of information about the oscillation parameters of neutrinos is called global analysis
of neutrino data. This analysis leads to favour or to exclude different regions of the
tan? 612 — Am3; space of parameters.

The first steps into this peculiar analysis were moved in early 1994 by G.L. Fogli and
his collaborators (Ref. [39]) who consider

“the possible evidence of neutrino oscillations by analyzing simultaneously,
in a well-defined hierarchical three-generation scheme, all the solar and at-
mospheric neutrino data |...] together with the constraints imposed by ac-
celerator and reactor neutrino experiments |[...] and includes the earth re-
generation effect on solar neutrinos and the present theoretical uncertainties

on solar and atmospheric neutrino fluxes.”

They found solutions and combined bounds in the parameter space of the neutrino
masses and mixing angles, which were compatible with the whole set of experimental
data and with their hierarchical assumption.

Since then, many different experiments started taking data and the scenario of the
neutrino experimental results has enormously grown. Several global analysis were per-
formed and refined by different groups and this yielded the definition of particular
oscillation regimes corresponding to different values of oscillation parameters.

In the present work, we will mainly focus on the experimental contributions coming
from solar neutrinos experiments. Therefore, we will analyze the range of parameters
defined by:

Am}j, : 1072eV2 < Am3; < 107 %eV?,
(1.39)
tan? 09 1074 < tan® 65 < 10.

In Fig. 1.8, the regions of squared-mass splitting and mixing angle favored or ex-
cluded by various experiments are indicated. Referring to this plot, in the selected
space of parameters, one can identify 5 different active oscillation regimes which corre-

spond to 5 active oscillation solutions. The first, net distinction regards the Vacuum
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and MSW regimes seen in Sec. 1.5.1 and 1.5.2; another discriminating rule is the order
of the value of tan? 1 and Am%,. Schematically, starting from the higher Am3, and

tan? 015 values, the oscillation scenario are classified and named as:
e The MSW oscillation regimes:

— Large Mixing Angle solution,
— Small Mixing Angle region,

— Low mass region;
e The Quasi-Vacuum regime;
e The Vacuum regime.

According to Ref. [40], we can roughly locate the Large Mixing Angle (hereafter
LM A) solution in the Am3; sector [1073,107°] eV2, and the tan? #;5 sector [1071, 1].
Similarly, the Small Mixing Angle (SM A) solution can be located in the Am3; sector
[107%5,107%5] eV2, and the tan? 615 sector [1073,1072] while the Low mass solution
(LOW) in the Am3;: [107%,1078] eV? and tan® 615: [1071, 1] sectors.

Assuming the tan? 12 sector lying in the [107!, 1] region, the Quasi-Vacuum regime
(QV) is defined (Ref. [41]) to be in the Am2; sector [107!°,1077] eV? while the pure
Vacuum regime (V AC) in the [10712,1071] eV? region. The particular vacuum solution

2
for which the ratio [Af;fl L] = 1 is named Just-So. The Quasi-Vacuum regime interpo-

lates smoothly between the Just-So and the MSW oscillation regimes: in this regime, the
neutrino flavor transitions are increasingly affected by matter effects as Am3;increases
and, as a consequence, the usual vacuum approximation has to be improved through

matter-induced corrections.
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Figure 1.8: The regions of squared-mass splitting and mixing angle favored or excluded
by various experiments (Ref. [7])
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Chapter 2
The Borexino experiment

The Borexino experiment is a real-time detector whose main goal is the measurement
of low energy solar neutrinos fluxes. Originally proposed by R.S. Raghavan in 1989, the
BOREX experiment was to be a detector filled with several kiloton of a trimethylborate
(C3H9BOs3) scintillator capable of detecting the 8B solar neutrinos. Neutral current
interactions would lead to nuclear de-excitations of the !B in the scintillator, while the
charged current neutrino capture reactions would lead to production of the positron-
emitting ''C. The Borexino experiment was to be the 4 ton prototype for the BOREX

experiment.

V£
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v /
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Figure 2.1: Inside view of the Borexino detector.
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However, it was quickly realized that, if a scintillator could be purified sufficiently, an
experiment such as Borexino could be an effective detector for the much higher rate of
"Be neutrinos: the proposal evolved but the name remained. A one ton fiducial mass
prototype, the Counting Test Facility (CTF) was built in the mid 1990s with the task
of demonstrating the feasibility of large scale purification of organic liquid scintillators
to the levels required for “Be neutrino detection. After successful demonstration of the
purification techniques, the construction of the Borexino detector began in 1998. In
late 2006, the filling process took place, first with ultra-pure water and then with the
scintillator. Finally, after nine months of tests, data taking with a full detector (Fig.
2.1) started on May 15, 2007.

2.1 The LNGS underground laboratory

The Laboratori Nazionali del Gran Sasso (LNGS) are located in Assergi, a small town in
the central Apennine Mountains, at approximately 100 miles north-east of Rome, Italy.
The underground portion of the laboratory is adjacent to the A24 highway tunnel linking
Rome with the Adriatic shoreline; in this peculiar site, the altitude is 963 m and the
average rock cover is about 1,400 m with a shielding capacity against cosmic rays of

3,800 meter water equivalent (m.w.e.).

Hall C
XENON 100 BOREXINO
DARKSIDE R&D
—~ OPERA CERN
Hall A
LUNA —, /
LvD
GERDA 4
CRESST -
—
L’AQUILA ROMA — TERAMO TERAMO

A24 HIGHWAY TUNNEL

Figure 2.2: Layout of the underground experimental halls at LNGS.
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The underground laboratory consists of three experimental halls named A, B and C,
with lengths of about 100 m and heights above 18 m, for an overall volume exceeding
180,000 m®. Experimental setups of many differently sized projects are situated in the
halls or in the network of service tunnels that complete the structure (see Fig. 2.2). The
Borexino experiment occupies the North half the Hall C beside the Opera experiment.

Existing and future experiments for detection of low-energy neutrinos or rare events
need a low-background environment and thus a deep underground location in order to
reduce the cosmic radiation background by several order of magnitude (Fig. 2.3). At

the underground LNGS, the muon flux is reduced of a factor 10® respect to the surface.
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Figure 2.3: Prospect of the expected muons flux vs. depth overburden (m.w.e.) in
different underground laboratories around the world.
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2.2 The detector design

2.2 The detector design

In the current configuration, the Borexino detector contains 100 ton of liquid scintillator
that converts the energy deposited by neutrino interactions into light. The detector is
instrumented with photomultiplier tubes that can measure the intensity and the arrival
time of this light, allowing the reconstruction of the energy, position and time of the

events.

~ 2212 8" ETL-9351 PMTs
Stainless Steel Sphere —— /
d=137m .

Nylon Sphere

d=85m Ve 208 Outward-pointing PMTs

- 100 ton Fidueial Volume

0 < — Nylon film - Rn barrisr
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A
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Scintillator

Water
Buffer

—— Holding strings

" Stainless Steel —— Steel shielding plates
Water Tank 8mx8mx10cm and 4mx4mx4ecm
d=18m

Figure 2.4: Schematic view of the Borexino detector.

In order to suppress the external background due to the surrounding rock, the detector
is made of concentric spherical layers. Figure 2.4 shows this onion-like structure in a cut-
away view. Requirements of radiopurity for construction materials obviously become
more stringent the closer the materials are to the detector’s active volume. The detector

main characteristics are listed below, from inside to outside.
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Liquid scintillator

After careful researches on different organic scintillators, both as small-scale lab tests
and at larger scale in the Counting Test Facility (CTF) detector, the liquid scintilla-
tor was chosen as follows: a mixture of pseudocumene (PC, 1,2,4-trimethylbenzene,
CeH3(CHs)s) as solvent and PPO (2,5-diphenyloxazole, C15H11NO) as fluor, with a

1.5 g/1 concentration. This scintillator has an electron density of:
(3.307 £ 0.003) x 10%* /ton, (2.1)

a mass density of about 0.879 g/cm?, and a specific scintillation output of ~ 12000
photons/MeV (Ref. [42]). The sensitive volume of the scintillator is 320 m3 (280 ton).
Nevertheless, in order to maximize the radiopurity, a software volume cut can be applied
to define a fiducial volume (FV).

Inner vessel

The scintillator is held in a transparent spherical nylon membrane of 8.5 m diameter
and 125 pm thickness. This membrane, named inner vessel (IV), must be tight as it
separates fluids which should never mix. Steel and nylon pipes are connected to the
upper and lower poles, and allow loading and circulation from several fluid-handling
facilities. The IV anchorage is guaranteed by a set of longitudinal nylon strings, with

attached load cells for monitoring the IV mechanical stability.

Liquid buffer

The IV is surrounded by 1040 ton shielding liquid, the buffer. The buffer density has
to be similar to the scintillator in order to balance the hydrostatic pressure and to
avoid modifications of the vessel spherical shape or, even worse, mechanical ruptures.
Since the pseudocumene density is about 0.88 g/cm?, water could not be used and it
was decided to fill the buffer with pure pseudocumene plus dimethylphtalate (DMP,
a quencher), in a 5 g/l solution. The addition of the quencher does not influence
photon mean path nor Cerenkov light emission, while reduces the residual fluorescence

of pseudocumene.

Outer vessel

After CTF experience, a second nylon membrane, named outer vessel (OV), was added
in the buffer liquid region: its aim is to stop radon gas diffusion toward the inner vessel.

It has a diameter of 12.6 m and a 125 pm thickness.
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Stainless steel sphere

All the components described so far are housed in a stainless steel sphere (SSS) 8-10
mm thick, with a 13.7 m diameter. This sphere also supports the photomultipliers and
it is held by 20 legs welded to the external water tank floor.

External tank

The full experimental setup is housed in a dome shaped steel tank. The diameter of
the cylinder base is 18 m while the highest point of the dome is 17 m above the floor.
The tank is filled with 2400 ton of ultra pure water as the outermost shielding of the
detector. Water tank inner walls, as well as the outer SSS surface, are covered with some
Tyvek sheets. Tyvek is a high reflectivity material that enhances the muon detection

probability by maximizing light collection.

Photomultiplier tubes

In Borexino there are 2212 8" ETL-9351 photomultipliers (PMTs), made of a special low
radioactivity glass, with a complex sealing system studied to resist pseudocumene cor-
rosive action on the front and water action on the back. This kind of PMTs is sensitive
to light with wavelength between 350 nm and 500 nm and its quantum efficiency peak
at 420 nm is around 26%. 1838 PMTs are equipped with aluminum light concentrators
(Fig. 2.5 left) in order to increase light collection capability. The overall geometrical

coverage is ~ 30%.

Figure 2.5: On the left, a sealed Borexino PMT fully assembled, with light concentrator.
On the right, an inside view of the Borexino stainless steel sphere.
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The photomultipliers are installed on the stainless steel sphere (Fig. 2.5 right) in dedi-
cated feed-throughs and are connected to the outside via single submarine cables which
carry both signal and high voltage. Exiting from the SSS, the 55 m lenght cables leave
the water tank in the upper dome and finally reach the electronic room situated in the
nearby Big Building East (see Fig. 2.6).

Muon Veto

Borexino is provided with both an inner and an outer muon veto. The Inner Muon
Veto consists of about 400 PMTs without light concentrators. The high acceptance
angle allows them to collect a strong signal in response to Cerenkov tracks produced
by muons crossing the buffer liquid. The Outer Muon Veto is instead composed of
208 additional PMTs installed in the water tank, in order to detect the Cerenkov light
produced by muons in the shielding water. A detailed description of the outer muon
detector can be found in Ref. [43] and [44].

Purification
Plants Big Building West

Module 0
Interconnection

Counting Test

Borexino
Detector

Big Building East
Control Room and
Data Acquisition

Figure 2.6: The layout of the Borexino experiment in Hall C of the LNGS. The Borexino
detector is the large dome shown on the left. The CTF housed in the blue
cylindrical structure is shown on the right.
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Purification skids

Borexino has been purifying scintillator with industrial scale purification skids. These
skids remove contaminants with four processes: filtration, vacuum distillation, water
extraction, and nitrogen stripping. Several 50 nm filters reduce particulates suspended
in the scintillator. Vacuum distillation separates impurities with a higher boiling point
than the scintillator. Water extraction is effective in removing polar molecules and
metal ions, and it also hydrates the scintillator. Nitrogen stripping removes gases such
as oxygen (which would quench the light output of the scintillator) and radioactive
noble gases like radon, argon, and krypton. For the extraction processes where the
scintillator is in contact with water or nitrogen, great care must be taken in order to
prevent a contamination of the scintillator. A more detailed discussion is presented in
Ref. [45].

2.3 Signal processing and Data Acquisition System

The basic observables for the identification of neutrino events in Borexino are the total
energy released in the scintillator, as measured by the number of photons emitted, and
the time distribution of these photons. The electronic signal processing scheme shown
in Fig. 2.7 is designed to achieve the timing properties needed for a variety of key tasks:
reconstruction of the event position, pulse shape analysis (PSA) of a and 3 types of
events, and the identification of a variety of delayed coincidence tags with a wide range
of time bases.

The data acquisition (DAQ) is based on the Linux operating system. The DAQ
software is entirely custom made, with extensive use of multi-tasking techniques. User
interfaces are all based on WEB techniques. The signal from PMTs is AC coupled to
a front-end card (Ref. [46]) that performs noise filtering, pre-amplification, shaping
and integration of the input signal. It provides both a linear response used for time
measurement and a voltage signal proportional to the total charge. Each front-end
board provides also an analog sum of 12 linear output signals that extend the dynamic
range of the system to ~30 MeV by means of a flash ADC system. The outputs of
the front end cards are sent to a specially designed VME slave card that performs the
analog to digital conversion of the charge signal, measures the time of the linear signal
with 0.4 ns resolution, computes the sum of recorded hits in a 60 ns time window (used
for triggering) and stores the whole information in a dual port random access memory.

The outer muon tubes are read with a different front-end system that performs a
charge to time conversion of each signal after a linear pre-amplification. The converted

signal is then sent to time-digitizers which are read by their own processor. The trigger
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Figure 2.7: Block diagram of the Borexino electronics layout

can be generated both by the internal as well as by the outer muon detector. We
require at least 25 PMTs hits occurring in a time window of 60 ns in the inner detector to
generate a trigger. The trigger threshold is mainly determined by the C contamination

(see Sec. 2.7.2), which gives the largest contribution to the single rate.

2.4 Calibration and monitoring

Borexino relies on the precise determination of the time of flight of the photons from
the location of the scintillation event to the PMTs system in order to reconstruct the
event position and to define the fiducial volume. Furthermore, the knowledge of the
total charge collected by each photomultiplier is important for the determination of high
energy events. For these reasons, both time and charge calibration of the photomultiplier
system is of utmost importance. To this aim, a multiplexed system of optical fibers has
been developed.

Precision in the time measurement of single hits affects directly the position recon-
struction precision. Position resolution is limited by the scintillator fluorescence decay
time of 3.5 ns (effectively increased to 5.5 ns after light propagation effects, Ref. [47]),
by the photomultiplier transit-time jitter of ~1 ns and by the inter-photomultiplier time

equalization, which should be maintained at the sub-nanosecond level and is regularly
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2.4 Calibration and monitoring

checked. The precision of the time measurement is also necessary for a-8 discrimination,

based on the different fluorescence time profiles for a and § scintillation events.

An accurate energy determination and resolution are crucial for the spectral shape

recognition of the neutrino signal: the energy resolution of the detector depends on

good charge calibration, the energy being determined, through a proportionality rela-

tion, from the number of detected photons or from the total charge collected by all

photomultipliers.

The calibration program studies the detector response by means of laser monitoring

and external point sources inserted periodically into the tank, as well as using active

tags of trace impurities in the liquid scintillator. Here below a short list of the methods

used in Borexino.
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Laser monitor. The pulse timing and the gain of each individual phototube of
the inner detector are calibrated by a laser system. Photons from this source are
distributed to all PMTs via thin quartz fibers connected to the optical concen-
trators. The light yield corresponds to single photoelectrons as in real neutrino
events. The outer muon veto detector is calibrated by a set of blue light-emitting
diodes that are mounted on the inside wall of the outer tank. Their gains match

typical photon yields of Cerenkov events.

Radioactive sources. The energy response can be continuously monitored using
the internal trace of radioactivities originated from liquid scintillator as well as
selected inserted sources. The spectroscopic features of the sources cover the en-
tire range of energies up to about 5 MeV that is of interest to most of the physics
questions addressed by Borexino. Since light quenching introduces non-linearities
in the energy scale, it is crucial to have calibrating points throughout the entire
energy region of interest. We designed a series of point calibration sources which
can be positioned throughout the detector volume. The Borexino calibration cam-
paigns were performed between October 2008 and July 2009: several «, 8,7 and
neutrons sources (see table 2.1 and 2.2) were deployed in about 300 positions

inside the detector active region.

Calibration of the neutrino response. In order to provide a direct demon-
stration of the overall neutrino response of the detector, a calibration by means
of a man-made sub-MeV v-source with activities in the Megacurie range is fore-
seen. Plans include both electron-neutrino (°1Cr) and electron anti-neutrino (°Sr)
sources. A tunnel has been installed just below the external steel tank for inserting

and retrieving the heavily shielded source containers on steel tracks.
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2
Source | °"Co | 139Ce | 203Hg | 85Sr | ®Mn | %%Zn | %0Co | 9K
Energy
(MeV) 0.122 | 0.165 | 0.279 | 0.514 | 0.834 | 1.1 | 1.1,1.3 | 14

Table 2.1: Calibrations sources: the gamma emitting isotopes.

Ié] @ n
Source | “C | 214Bi | 2Po | n-p | n+'2C | n+Fe
Energy
(MeV) 0.15 | 3.2 7.6 | 2226 | 4.94 7.5

Table 2.2: Calibrations sources: the alpha, beta and neutron emitting isotopes.

2.5 Neutrino detection in Borexino

In the Borexino detector, neutrinos are detected by means of electron scattering which

can proceed via the charged and neutral current processes:

Ve +e —uvp+e .

The charged current interaction, mediated by the charged W+ vector bosons, is possible

only for electron flavor neutrinos. Instead, the neutral current interaction, mediated by

the Z° boson, is sensitive to all three flavors of neutrinos, although with a smaller cross

section (see Fig. 2

Figure 2.8:

8).

Tree-level of Feynman diagrams for v-e
scatter via the neutral current reaction (left) while only the electron neutrino

+

can interact through a charged current interaction (right).

scattering. All neutrino flavors

47



2.6 "Be solar neutrino

Due to combination of the two amplitudes, at 1 MeV the cross section of electron
neutrinos is about five times larger than that of muon or tau neutrinos. If the electron
neutrinos produced by the sun change into muon or tau neutrinos, they will be partly

missed by the detector and this will result in a lower rate measurement.

2.5.1 Neutrino scattering cross-section

The overall shape of the neutrino-induced recoil-electron energy spectrum recorded by
an ideal detector is given by the differential cross section which, in the frame of the

electroweak theory (Ref. [48]), is given by:

do 9 9 E mec’E QG%me
CTEZO'e gz+gr<1_Ey)—glgrEg O’ezm (2.2)
. 9 Ve : sin?fw + = ~ 0.73
g, =sin“fw ~ 0.23 g = o %
Vs : sin“fyw — 5 ~ —0.27

In Eq. 2.2, the leading constant o. is equal to 8.803x10746 ¢cm? and the Weinberg

mixing angle Oy is related to the ratio of the masses of the W and Z bosons:
Ow = arccos (Mw/Mz) ~ 28°.

Note that the value of g; for electron flavor neutrinos leads to an overall larger cross
section relative to the other flavor neutrinos; this is due to the fact electron neutrinos
may interact via the charged and neutral current interactions, whereas the other flavors
can only interact through the neutral current interaction. The total cross section is

then given by the integral of the differential cross section from 0 up to Epax:

2G%meEmaX g2 mec? E2

2 2 r 2 —max

o= (gfr+eg)— | =+28% =] Emax + & . (2.3)
mhic? " E, ToE2 ) MO 3R2

2.6 "Be solar neutrino

The primary goal of Borexino is to extract information about neutrino oscillation param-
eters and to probe the fusion process in the sun. Borexino is measuring the “Be neutri-

nos which are the second most intense flux after that of the primary pp fusion reaction.
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"Be neutrinos are produced in a two body electron-capture reaction:

Be+e — Litr, B.R.=90.7%, (a)
Be+e” — Li*+v, — Litny BR.=10.3%.  (b)

The reactions (a) and (b) result in a monoenergetic 862 keV and 384 keV solar neutrino
line, respectively. The reaction (b) is followed by a 477.6 keV gamma emission that is

absorbed in the sun and cannot be seen by the detector.

In a neutrino-electron scattering experiment such as Borexino, the neutrino interacts
with an electron in a scintillator molecule (typical binding energy of a few eV: without
loss of generality, we can assume it to be free) which then produces scintillation light
from excitation and ionization of other scintillator molecules. This situation is analogous
to Compton scattering and the recoil-electron spectrum is nearly flat with a sharp edge

occurring at:

2E2
Emax = 9B, + m.c2 — Enax(E, = 862keV) ~ 667 keV .

This sharp cut-off (Fig. 2.9) is a distinctive feature of a monoenergetic neutrino source.

105:E
10“%
10°E
102E
10:
RN ARSI AR TS B | P |0 | PR AR AR
0 100 200 300 400 500 600 700 800

Npe

Figure 2.9: Typical "Be recoil-electron spectrum. The neutrino monoenergetic nature

results in a sharp cut-off of the spectrum. Npe is one of the Borexino energy
variables.
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2.6 "Be solar neutrino

2.6.1 Seasonal variations

In Cerenkov based detectors it is relatively easy to verify the solar origin of the neutrinos

simply by projecting back the light cone from the recoil-electron: the axis of this cone,

on average, points towards the neutrino source. In scintillation detectors, the light

emission is isotropical and therefore the directional information is lost. However, the

solar origin of neutrinos could be probed thanks to the fact that the distance from the

earth to the sun varies over the year.

The earth’s elliptical orbit around the sun has an eccentricity e of 0.0167 and a semi-

major axis, a, of 1.496x10% km. For any elliptical orbit, the eccentricity is related to

the radii at aphelion and perihelion by:

Taph — I'per 2
E= ————= 1 - Tph .
Taph + Tper 1+ Tpor
APHELION PERIHELION
Taph Tper

EARTH ORBIT

Figure 2.10: Pictorial representation of the earth-sun orbit with eccentricity exaggerated
for clarity: the aphelion and perihelion orbital radii are indicated with
respect to the center of the sun.

Over the course of one-year period T, the earth-sun distance varies as:

(1—62) 21t 2
L(t)—Lavgm—Lavg |:].—€COS <T>:| +O(€ )
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The flux at the earth is inversely proportional to the squared earth-sun distance r, thus,

the flux at perihelion and at aphelion will be in the ratio:

2 2
2
o raph raph o 1 +e
Ppor = Popn 5~ = <rper> - <1 — 6) ~ 1.07. (2.5)

per

According to Eq. 2.5, Borexino should observe a 7% difference between the rate around
January (perihelion) and the rate around July (aphelion). It is worth to notice that this
7% modulation is expected assuming no neutrino oscillation in Vacuum regime. If there
were vacuum oscillation, the expected seasonal variation would generally be greater.
Since € < 1, we can ignore terms larger than first order. Assuming the average
neutrino rate to be Rayg, and the average distance Lays = a, then we can express the

time dependent solar neutrino rate R(t) as:

0= R (2) = [ 20 (32)]. 20

2.7 Radioactive backgrounds in Borexino

The scientific goal of Borexino is to measure rare event rates at low energy, where
natural background radiation is large.

The collaboration made an enormous effort in identifying, measuring, and analyzing
the sources of background and their contributions. In some cases the required levels
of purity were so low that available measurement techniques did not have the needed
sensitivity, and new measurement devices such as the Counting Test Facility were devel-
oped to meet these needs. The purities and properties of a large number of substances
were measured to find suitable construction materials.

The background sources in Borexino can be subdivided in internal and external
background. External backgrounds are those in which the radiation originates in the
outside environment as well as in materials within the detector close to the fiducial
volume. In this context they will include everything except the intrinsic scintillator
contamination which actually is the internal background.

Borexino must deal with all types of backgrounds including «, 8, v, n, and . Some
are easily absorbed like « particles, while others like muons easily penetrate the detector

shielding, so they must be tagged and subtracted from the data.
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2.7 Radioactive backgrounds in Borexino

The strategy against backgrounds is based on the idea of shielding the fiducial volume
from radioactive external activity, by means of high purity materials which absorb the
radiation before it reaches the interior. In the case of muons which are largely suppressed
by the rock overburden (Fig. 2.3), the shielding itself is used to observe the residual

muons as they pass through so the event can be identified (see Sec. 2.7.1).

In Tab. 2.3 results concerning the radioactivity of three different (one for each

underground laboratory Hall) rock samples are reported.

The Borexino core activity is more than 13 orders of magnitude below the ambient
environment. Table 2.4 shows the major sources of background present in Borexino, the
approximate natural activity level encountered in Hall C of the underground labs, the
contaminant level which is tolerable by Borexino, the method by which the contaminant
is removed and the level actually obtained by Borexino. It can be seen how, in several
categories, the Borexino purification system has performed remarkably and exceeded
the requirement by an order of magnitude or more. A big challenge for the Borexino
experiment was and still is today to deal with the large number of radioactive isotopes

that decay with energies in or above the region of interest.

Sample | **Th (Bq/kg) | ***U (Bq/kg) | *’K (Ba/kg) | *"*Bi (Bq/kg)
Hall A rock | 8.8+0.3 84.7+8.4 224+ 6 41.9+0.6
Hall B rock | 0.25+ 0.08 52+1.3 51+1.3 42403
Hall C rock | 0.27+ 0.10 82+ 1.7 2.9+1.4 5.1+0.2

Table 2.3: Rock radioactivity at the LNGS underground laboratories (Ref. [49]).

In underground laboratories, the radioactivity levels can vary significantly from the
earth’s average activity. The earth’s crust contains a number of radioactive elements
whose relative concentrations vary with location and are dependent on the rock type.
Also the atmosphere contains some radioactive elements such as radon, krypton and
argon. In particular, the amount of radon can vary widely because it emanates from the
ground and depends strongly on local conditions. This naturally occurring radioactivity
requires the Borexino detector to be vacuum tight to prevent dirt or air contamination:

Borexino can tolerate no more than 10 cm? of ambient air in the detector.
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2.7.1 External backgrounds
Muons

Although the rock shielding greatly reduces their flux, high energy muons (originating
from cosmic ray interactions in the atmosphere) are still able to penetrate into the depth
of the Gran Sasso laboratory, where the Borexino experiment is located. The muon flux
in Hall Cis 1.2 u/m?/h (Ref. [50, 51]) that is about 4500 muons entering the inner
part of the detector in a day.

In Borexino very low intrinsic radiogenic contamination of all detector components
needs to be accompanied by the efficient identification of muons and of muon-induced
backgrounds. Muons, by spallation processes along their trajectory through the detec-
tor, produce unstable nuclei whose decays can mimic the expected signals (i.e. 1C); for
isotopes with half-lives longer than a few seconds, the dead time induced by a muon-
related veto becomes unacceptably long, unless its application can be restricted to a
sub-volume along the muon track. Consequently, not only a high-efficiency muons iden-
tification but also a precise track reconstruction is of primary importance for the physics
program of the experiment.

A much more problematic contribution to the background comes from high-energy
neutrons generated by muons in the interactions with the surrounding rock or with the
detector material. The energy of these neutrons may even extend up to the GeV region
(Ref. [52]).

In order to reduce such background, a foundamental role is played by an outer water-
Cerenkov detector which surrounds the inner detector. The identification of muons is
based on the complementarity between outer and inner detectors (see Sec. 2.2). Differ-
ent methods of muon identification were studied and their veto efficiencies calculated:
the overall muon veto efficiency is found to be 99.992% or better. The performances
of ad hoc track reconstruction algorithms were tested against muon events of known
direction such as those from the CNGS neutrino beam, and the final angular resolution
results ~ 3° — 5° while the lateral resolution is ~ 35 — 50 cm, depending on the impact
parameter of the crossing muon. The strategies adopted to identify muons are reviewed

and their efficiency is evaluated and descripted in Ref. [53].

Neutrons

The neutron flux from the rock walls at LNGS was measured to be (1.08 +-0.02) x 1076
cm~2 71 for the thermal component and (1.9840.05)x107% cm=2 s~ for the epithermal
one [E, = 5 x 102 — 10? eV] (Ref. [54]). The thermal neutrons have an energy of about

0.025 eV and are primarily produced from fission and («, n) reactions. The 2 m water
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shield attenuates the neutron flux by a factor of 10%. Fast neutrons (E, > 0.5 eV)
have to be moderated before being captured because the relative cross section strongly
decreases with energy increasing. Neutrons are best moderated by low A materials,
preferably containing a high density of hydrogen. The 2 m water shielding is therefore

adequate to effectively reduced the neutron background.

Radon

The underground Gran Sasso labs have a radon activity of 100 Bq/m? in air and 104
Bq/m? in water. The radon air activity would reach 2000 Bq/m? were it not for a con-
tinuous venting of the halls with fresh outside air piped in through the highway tunnel.
This air supply is essential to maintain safe working conditions. Radon contamination
is one of the reasons for which the detector must remain leak tight to air and it is
especially dangerous for Borexino because it is more soluble in pseudocumene than in

air.

2.7.2 Internal backgrounds

All background sources that are intrisically linked to the liquid scintillator and generate

energy depositions inside the inner vessel are generally ascribed to internal backgrounds.

14C

On earth surface, 14C is cosmogenically produced via the reaction *N(n, p)!4C, leading
to a relative abundance on *C of ~ 1.2 x 107!2 g/g in living organic matter. The
B~ decay of C is characterized by Q = 156 keV and T2 = 5730 y. In old oil
reservoirs this contribution has decayed away. The concentration is therefore determined
by a few site-dependent underground production mechanisms, initiated by the natural
radioactivity of the rocks. In the scintillator procurement for the experiment, the choice
of oil batches with lowest 14C level was a major requirement, as '4C, chemically identical
to '2C, cannot be removed by any purification process.

In the neutrino energy window, the acceptable relative abundance is 3 x 10718 g/g.
This very low tolerance is due to the fact that Pseudocumene is a carbon-based scin-
tillator, and a large amount of '*C would generate signal pile-up. Today, Borexino has

reached the needed radiopurity and can feature a 107! g/g *C contamination.

238U, 232 Th

Intrinsic scintillator radioactivity is mostly due to radio-isotopes belonging to the nat-

ural 238U and 232Th chains. Assuming secular equilibrium, Borexino could not tolerate
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concentrations of these elements greater than 10716 g/g. Anyway, thanks to its partic-
ular design and to sofisticated purification procedures, Borexino has not only reached
but also improved the expected radipurity limits, at the level of there is a 107! g/g
contamination for 2*®U and of 10~!® g/g for 232Th.

4OK

Another intrinsic background component in organic material is °K, which decays with

a half life of 1.3 x 10? y via two different channels:

K 10 g (B~ decay, Q = 1.32MeV; B.R. = 89.3%) ,
VK 540 Ar 4 4 (EC; E, = 1.46 MeV; B.R. = 10.7%) .

40K has an isotopic abundance of 1.2 x 10~* g/g with respect to whole natural potas-
sium (Kpat) which is present in the earth crust with a 2.4% concentration. Borexino
background requirements implied that the scintillator should not exceed a K, con-
centration of about 107 g/g. Today, data show that in Borexino the achieved °K

contamination fulfills this request.

22Rn and its daughters

Radon is a chemically inert gas that shows a high diffusion capability in air and in
materials. Underground sites are rich in radon as the isotope is formed within the 238U
radioactive chain in secular equilibrium and diffuses away easily. Radon decays with an
half life of 3.8 d, but determines the build up of 2'°Pb, a long-lived nuclide that can
be absorbed by metal and plastic surfaces. The two successive fast decays of 21Pb are
particularly dangerous: 2'°Bi (87, Q = 1.2 MeV) and ?'°Po (o, Q = 5.3 MeV, quenched

to ~ 350 keV).

85Kr and 3YAr

The air of the experimental Hall also contains traces of 85Kr (an anthropogenic fission
product) and 3°Ar (cosmogenic), with activities of ~ 1.1 Bq/m? and ~ 13 mBq/m?

respectively. The decay processes are the following:

®Kr: (B decay, Q =690keV; 71,5 = 10.7y)
¥Ar: (B decay, Q = 570keV; Tij2 = 269y) .

Avoiding air exposure of fluids is also important in order to limit these contaminations.
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. Normal Borexino Reduction Borexino
Contaminant Source . . .
concentrations requirements method achieved
Location, OD veto
. 2 —10 2 ) ) —10 2
Muons Cosmic 200/ (s'm?) 10719 /(s-m?) pulse shape < 10719 /(s-m?)
Old oil, CTF tests
14 3 —12 —18 ) ) —18
C PC-PPO 107 g/g 1071% g/g throshold cut 107% g/g
mwmd ~ HOIH‘N \
—4 —-16 ; ; g/8
2327}, Dust 107* g/g <107 g/g Purification ~ 1018 g/g
Secular equilibrium | Secular equilibrium Purification
210 )
Po PPO, Rn with 238U with 238U « - (3 discrimination 0.01 cpd/ton
N, stripping, delayed
222 ; _ 2 pping, Y
Rn Air 10-100 Bq/1 < 1 ¢pd/100 ton coincidence < 0.02 cpd/ton
85Kr N, 1 Bq/m3 < 0.01 ppt N, Stripping < 0.01 ppt
20877 2327, Secular equilibrium | Secular equilibrium Purification, ~ 98 cpy/100 ton

with 232Th

with 232Th

statistical subtraction

Table 2.4: Sources of background, typical level of the background, maximum tolerable signal level for Borexino, methods by which
they are reduced, and what was ultimately achieved in Borexino.
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In particular, 8°Kr is extremely annoying since its energy spectrum lies exactly in the
same energy region of the "Be one.

Krypton and argon are usually present in the common liquid nitrogen. Since nitrogen
stripping proved to be a successful strategy in purifying the scintillator from these
radioactive gases, the collaboration has investigated the product offered by different
companies in terms of trace contaminants, and a Low Krypton and Argon Nitrogen
(LAKN) has been used in all the purification phases.

At present, Borexino has reached its radiopurity goal of 3*Kr and 3? Ar contamination
< 0.01 ppt.

Surface background

We define as surface background any contamination, intrinsic or acquired, of the nylon
of the inner vessel membrane, the only material directly in contact with the scintillator.
In ideal conditions there should be no significant contributions of this kind, as the nylon
extrusion, the inner vessel assembly and its transportation were performed under the
most stringent purity requirements. The main worry is that exposure to radon could

lead to a deposition of its daughters and especially of 219Pb.

2.8 Physics goals and achieved results

Since the start of data taking, the Borexino collaboration has released many interesting
results. In particular, three recent pubblications demonstrate the unique characteristics
of Borexino: the "Be solar neutrino rate measurement with an accuracy better than
5%, the evidence of a null day-night asymmetry with accuracy of ~ 1.5 x 1072 and, for
the first time, the direct measurement of the pep solar neutrino flux. It is also worth
mentioning the observation of geo-neutrinos signal and the measurement of ®B neutrino

flux above 3 MeV.

2.8.1 "Be solar neutrino flux measurement

In 2008, we reported a direct measurement of the “Be solar neutrino flux with combined
statistical and systematic errors of 10% (Ref. [55]). Following a campaign of detector
calibrations and thanks to a fourfold increase in solar neutrino exposure, we recently
presented a new ’Be neutrino flux measurement with a total uncertainty less than
5%. For the first time, the experimental uncertainty is smaller than the theoretical
uncertainty coming from the Standard Solar Model prediction of the "Be neutrino flux
(Ref. [18]).
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The new result is based on the analysis of 740.7 live days (after software cuts) in
the period from May 16, 2007 to May 8, 2010, corresponding to a 153.6 ton-y fiducial
exposure. During the first 1.6 years of Borexino operation, the energy and position
reconstruction algorithms were tuned, and their performances estimated, using intrinsic
activities such as 1C, 219Po, and ''C. The first deployed source calibrations were carried
out in 4 campaigns between October 2008 and July 2009. Encapsulated radioactive
sources, including ®"Co, ?Ce, 203Hg, 85Sr, ®*Mn, %°Zn, 4K, °Co, and 2?’Rn, were
placed inside the scintillator volume using a rod-based source deployment system. Using
seven CCD (Charge Coupled Device) cameras mounted within the PMTs array, the
positions of the sources could be determined with a precision better than 2 cm. Thanks
to these calibration campaigns there has been a significant decrease in the uncertainties
associated with the detector energy response and the fiducial volume, by factors of 4.6
and 2.2, respectively, relative to Ref. [55]. Our best value for the interaction rate of

862 keV "Be solar neutrinos in Borexino today is:
46.0 + 1.5(stat) T12(syst) cpd/100 ton (2.7)

where we remind that 1 ton of pseudocumene contains (3.307 4 0.003)x 10%° target
electrons. If the neutrinos are assumed to be purely v, , this corresponds to an 862
keV "Be solar neutrino flux of (2.78 4+ 0.13)x 10° cm™2?s~!. The corresponding flux
prediction from the SSM is (4.48 4+ 0.31)x 10% ecm™2s7!, which, if all the neutrinos
remained v, would yield an interaction rate of 74.0 £ 5.2 counts/(day-100 ton) in
Borexino: the observed interaction rate is 5.00 lower. The ratio of the measured to the
predicted ve-equivalent flux is 0.62 4+ 0.05. Under the assumption that the reduction in
the apparent flux is the result of v, oscillation to v, or v, (which also undergo electron
elastic scattering interactions, but with a cross section about 4.5 times lower than v, at
this energy), we find Pee: 0.51 + 0.07 at 862 keV. The improved constraint on the low
energy solar Pee is shown in Fig. 2.12. and a detailed discussion about this result can
be found in Ref. [1].

2.8.2 The day-night asymmetry measurement

Matter-enhanced neutrino oscillations in the earth may induce regeneration of the v, fla-
vor eigenstate of solar neutrinos during the night in some regions of the oscillation pa-
rameter space. Thus, real-time solar neutrino experiments like Borexino, may either
detect or exclude different solar neutrino interaction rates during the day and night.
Solar neutrino day-night asymmetry measurements are sensitive to both v, appearance

and disappearance.
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Figure 2.11: A Monte Carlo based fit over the energy region 270-1600 keV to a spectrum from which

some, but not all, of the « events have been removed using a pulse shape analysis cut,
and in which the event energies were estimated using the number of photon detected
by the PMT array. The fitted event rates refer to the total rate of each species,
independentely of the fit energy window.
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Figure 2.12: The global experimental constraints on the low energy solar Pee. For the “Be point,

which shows the current result, the inner (red) error bars show the experimental
uncertainty, while the outer (blue) error bars show the total (experimental + SSM)
uncertainty. The remaining points were obtained following the procedure in Ref.
[56], wherein the survival probabilities of the low energy (pp), medium energy, and
high energy (8B) solar neutrinos are obtained, with minimal model dependence, from
a combined analysis of the results of all solar neutrino experiments. To illustrate
Borexino’s effect on the low energy Pee measurements, the green (dashed) points are
calculated without using the Borexino data. The MSW-LMA prediction is also shown
for comparison; the band defines the 1o range of the mixing parameter estimate in
Ref. [7], which does not include the latest Borexino result.
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2.8 Physics goals and achieved results

The data used in this analysis were collected between May 16th, 2007 and May 8th,
2010 and correspond to 740.88 live days after applying the data selection cuts. We
define "day" and "night" using 6., the angle between the vertical z-axis of the detector
(positive upward) and the vector pointing to the detector from the sun. The distance
the neutrinos cross within the earth is small for negative cos @, during "day" (~1.4 km
LNGS overburden) and ranges up to 12,049 km for positive cos 6, during "night" (earth
diameter).

The day-night asymmetry (Apy) of the “Be count rate is defined as:

_QRN—RD_RdiH
- RN—l—RD_ (R) ’

ApN (2.8)
where Ry and Rp are the "Be neutrino interaction rates during the night and the day,
respectively, Rqi is their difference, and (R) is their mean. A strong constraint on Apy
can be set by making the reasonable assumption that the main backgrounds that limit
the sensitivity (3°Kr and 2!°Bi, Ref. [1]) are the same during day and night. With this
assumption, Apy is obtained by subtracting the day and night spectra (normalized to
the day live time) following the second term in Eq. 2.8 and then searching for a residual
component having the shape of the electron recoil spectrum due to "Be neutrinos. We
find:

Apn = 0.001 + 0.012(stat) £ 0.007(syst). (2.9)

The details of this analysis are reported in Ref. [2].

2.8.3 3B neutrino flux measurement

In 2010, the Borexino collaboration released the measurement of v, elastic scattering
from ®B solar neutrinos with 3 MeV electron energy threshold (Ref. [4]). Borexino
was the first experiment to succeed in suppressing all major backgrounds above the
2.614 MeV from the decay of 28Tl to a rate below that of electron scattering from solar
neutrinos. This allowed to reduce the kinetic energy threshold for scattered electrons
by 8B solar neutrinos to 3 MeV, the lowest so far reported for the electron scattering
channel. Since Borexino also detected low-energy solar “Be neutrinos (see Sec. 2.8.1),
that was the first time that a single experiment could measure simultaneously both
branches of the solar pp-cycle in the same target. A complete description of the analysis
can be found in Ref. [4]. The resulting count rate with E > 3 MeV is:

0.217 £+ 0.038(stat) £ 0.008(syst) cpd,/100 ton . (2.10)
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Figure 2.13: Comparison of the final electron energy spectrum after data selection and
background subtraction (red dots) to Monte Carlo simulations (blue) of
oscillated ®B interactions, with amplitude from the Standard Solar Models
BPS09(GS98) (Ref. [57, 58, 15], high metallicity) and BPS09(AGS05) (Ref.
[57, 58, 16], low metallicity), and from the MSW-LMA neutrino oscillation
model.

The analogous count rate with 5 MeV energy threshold is:
0.134 + 0.022(stat) T5-003(syst) cpd/100 ton . (2.11)

The final energy spectrum (Fig. 2.13), after all cuts and residual background, is in
agreement with the scenario which combines the standard solar model BPS09(GS98)
(Ref. [57, 58]), and the prediction of the MSW-LMA solution. Moreover, we obtain
(Pee) = 0.29 + 0.10 at the mean energy of 8.9 MeV for 8B neutrinos. As for today,
Borexino is the only experiment which can probe the MSW-LMA solution both in

vacuum- and in matter-dominated regimes.

2.8.4 Pep neutrino flux measurement

In late 2011, the Borexino collaboration achieved the necessary sensitivity to provide
evidence (Ref. [3]) of the rare signal from pep neutrinos and to place the strongest
constraint on the CNO neutrino flux to date. This is the very fist observation of solar
neutrinos in the 1.0-1.5 MeV energy range and, until then, only fluxes from the pp chain

have been measured ("Be, ®B, and, indirectly, pp).
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2.8 Physics goals and achieved results

The detection of pep and CNO neutrinos is really challenging, as their expected
interaction rates are few counts per day in a 100 ton target, ~10 times lower than
that of “Be solar neutrinos. The electron recoil energy spectrum from pep neutrino
interactions in Borexino is a Compton-like shoulder with end point of 1.22 MeV. The
energy spectrum of neutrinos from the CNO cycle is the sum of three continuous spectra
with end point energies of 1.19 (!*N), 1.73 (}°0) and 1.74 MeV (1"F), close to the pep
neutrino energy. The total CNO flux is similar to that of the pep neutrinos but its
predicted value is strongly dependent on the inputs to the solar modeling, being 40%
higher in the High Metallicity (GS98, Ref. [15]) than in the Low Metallicity (AGSS09,
Ref. [17]) solar model (Ref. [18]).

Results from solar neutrino experiments are consistent with the MSW-LMA model
(Ref. [59, 21, 60]), which predicts, for increasing energy, a transition from vacuum-
dominated to matter-enhanced oscillations, resulting in an energy dependent v, sur-
vival probability, Pee. Instead, non-standard neutrino interaction models formulate
Pee curves that deviate significantly from MSW-LMA, particularly in the 1-4 MeV
transition region. From our analysis we extract: Pe, = 0.62 + 0.17, for E, = 1.44 MeV.
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Figure 2.14: Electron neutrino survival probability as a function of energy. The red
point corresponds to the Borexino pep measurement. The pp and “Be mea-
surements of Pee given in Ref. [1] are also shown. The 8B measurements
of Pee were obtained from Borexino (Ref. [4]), SNO (Ref. [61, 34, 35, 37]),
KamiokaNDE and Super KamiokaNDE (Ref. [31, 32, 33]), as indicated in
the legend. The MSW-LMA prediction band is the 1o range of the mixing
parameters given in Ref. [7].
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An ideal probe to test these competing hypotheses is the mono-energetic 1.44 MeV
pep neutrino, which belong to the pp chain and whose predicted flux by the Standard
Solar Model has one of the smallest uncertainties (1.2%) due to the solar luminosity
constraint. The detection of neutrinos resulting from the CNO cycle has important
implications in astrophysics, as it would be the first direct evidence of the nuclear process
that is believed to fuel massive stars (> 1.5 Mg). Furthermore, its measurement may
help to resolve the solar metallicity problem (see Ref. [18, 62].

Some of the results so far obtained by the Borexino collaboration analysis are sum-
marized in Tab. 2.5 and Fig. 2.14.

Neutrino Interaction rate Solar-v flux | Data/SSM
source [counts/(day-100 ton)] [10% cm—2 571 ratio
pep 3.1 £ 0.6(stat) & 0.3(syst) 1.6+0.3 1.1+0.2
CNO <74 <72 <14

Table 2.5: The best estimates for the pep and CNO solar neutrino interaction rates.
For the results in the last two columns, the errors are added in quadrature.
Total fluxes have been obtained assuming MSW-LMA. The last column gives
the ratio between our measurement and the High Metallicity Standard Solar
Model (Ref. [18]).

2.8.5 Geo-neutrino observation

In spring 2010, the Borexino collaboration presented an observation of the geo-neutrino
signal (Ref. [63]). Geo-neutrinos are electron anti-neutrinos (7.) produced in /5 decays
of 49K and of several nuclides in the chains of long-lived radioactive isotopes 23*U and
22Th. Geo-7, are direct messengers of the abundances and distribution of radioactive
elements within the earth. By measuring their flux and spectrum it is possible to infer
the distribution of long-lived radioactivity in the earth and to constraint the radiogenic
contribution to the total heat balance of our planet.

Borexino detects anti-neutrinos via the inverse neutron S-decay (ve+p — et +n) with
a threshold of 1.806 MeV. Some 7, from the 238U and 232Th series are above threshold
while those from 4°K decays are below threshold as can be seen in Fig. 2.15. The inverse
[ reaction produces out one prompt and one delayed event whose time and spatial
coincidence offers a clean and unmistakable signature of 7, detection. This analysis
relies on data collected between December 2007 and December 2009, corresponding to
a lifetime of 537.2 days. The fiducial exposure after cuts is 252.6 ton-y and the main

background is represented by 7, from far reactors.
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A total of 21 T, candidates pass all the software selection cuts. Among those, fifteen
candidates are in the geo-. energy window (see Fig. 2.16). The very good signal-
to-background ratio and the clear separation of the two 7, sources (geo-neutrinos and
reactor U, ) permit a clear identification of the number of events belonging to each source,
and allow to establish observation of the geo-neutrinos.

Our best estimates are Ngeo = 9.9737% (J_rééﬁ) and Nyeact = 10.7733 (fé%S) at 68.3%
C.L. (99.73% C.L.). Scaling the best estimate of Nge, with the fiducial exposure, we
obtain the measurement for the geo-neutrinos rate: 3.9%1% (*33) events/(100 ton-y), to
be compared with typical predictions of Nge, ~ 2.5 events/(100 ton-y) from BSE!-based
earth models (Ref. [64, 65]).

By studying the profile of the log-likelihood with respect to Ngeo, we calculated that
the null hypothesis for geo-neutrinos can be rejected at 99.997% C.L. that means that

we establish observation of geo-neutrinos at 4.20.

IBSE is Bulk Silicate Earth
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Figure 2.16:

Light yield of prompt positron event [p.e.]

The light yield spectrum for the positron prompt events of the 21 U, can-
didates and the best fit obtained with the unbinned likelihood analysis.
The red dotted line describes the geo-ve signal resulting from another fit-
ting procedure. The conversion factor is approximately 500 p.e./MeV (Ref.
[63].)
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Chapter 3

Toward the global analysis: the
method

The work presented in this thesis is the result of several global analysis performed on
different neutrino data-sets.

All the analyses are carried out by building a y?-based comparison of the experimen-
tal results coming from the different solar, reactor, accelerator and atmospheric neutrino
experiments (see Sec. 3.2), with the respective theoretical expectations, calculated as a
function of the oscillation parameters (Am3, 612, f13) and of the SSM neutrino fluxes
(Ds).

The individual analyses differ, for example, in the input data (including cases before
and after the recent announcement of the Borexino "Be and Apx measurements), in the
different constraints placed on the neutrino fluxes (e.g. with or without the luminosity
constraint), in the number of neutrino fluxes that are treated as free variables, and in
the different assumptions made about future solar neutrino experiments.

The main goal is to understand the implications of present and future results of
Borexino on the physics of neutrino and on the astrophysics of the sun.

In this contest, a reference work was previously done by John Bahcall and Carlos
Pena Garay, and reported in the paper “A roadmap to solar neutrino fluxes, neutrino
oscillation parameters and tests for new physics” (Ref. [66]).

The experiments other than Borexino that we take into account in the analysis are

Homestake, GALLEX/GNO, SAGE, Super Kamiokande, SNO and KamLAND.

The analysis method can be summarized in three computational steps:

1. Calculation of the Pge, the survival probability of an electron neutrino, at each
Am%l
4E

experiment site, as a function of tan? 01 and sin® #;3 parameters.
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3.1 Survival probability computation

2. Calculation of the expected results for each solar or reactor neutrino exper-

iments.

3. x? calculation. The theoretical expectations derived in step 1 and 2 are com-
pared with the experimental results and the x? is calculated taking into account

both theoretical and experimental errors.

3.1 Survival probability computation

Neutrino flavor oscillations induced by v mass and mixing are today well established. In
particular, for what concerns solar neutrinos, we now know that, depending on the mass
and mixing parameters, the dominant flavor conversion can occur either in vacuum (see
Sec. 1.5.1) or in matter (see Sec. 1.5.3). The calculation of the survival probability for
solar neutrinos requires therefore to propagate the neutrino mass eigenstates from the

sun core to the earth, taking into account both vacuum and matter terms.

Heff

!/
V3

[ SUN } [EARTH]

Figure 3.1: Scheme of neutrino flavor eigenstate evolution. Propagation of an electron
neutrino from the sun core to the earth.

Assuming the standard three-neutrino framework and the energy range of solar neutri-
nos, it is possible to perform an effective three-flavor analysis by reducing (Ref. |67, 68])

the traditional Hamiltonian to a 2 x 2 matrix: the effective Hamiltonian, Heg.
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Am%l V2 Amgl
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(3.1)

The effective Hamiltonian for three-neutrino propagation in matter can be conveniently
written in the familiar form of Eq. 3.1 and its action over the relevant two-neutrino

subsystem can be summarized as in Fig. 3.1.

As seen in Eq. 1.38 of Sec. 1.5.3, the survival probability of an electron neutrino
can be written as:
P2 = sin? 613 + cos’ 013 P2, (3.2)

where P2/ = |<Ve|7'[eff|’/e>|2'

In order to proceed in a three-flavor analysis, we first have to compute the survival
probability in the two-neutrino mixing case; the third flavor will then enter via the
fourth powers in cosinus and sinus of #;3 (Eq. 3.2), as well as via the cos? 63 factor of
Eq. 3.1

In scheme Fig. 3.1, v} (i=1,23) is an intermediate basis defined via two rotations,
R(613) and R(f23), respect to the usual flavor basis (Ref. [67, 68]). Using this new
“primed” basis, the neutrino propagation from the sun core to a detector in the earth
is thought as if the original v, can take two paths: the ve — v and the ve — 1/}

intermediate transitions.

We know (Ref. [69]) that, in the two-neutrino mixing case, the survival amplitude

for a solar electron neutrino of energy E can be written as:

o1
Aeo = Y A% A exp | i gL =) (33)

=1,

Here, A5, is the amplitude of the transition v, — v; (being v; the pure i-mass eigenstate)
from the production point to the sun surface; AY is the amplitude of the transition
v; — Ve from the earth surface to the detector. The propagation in vacuum from the
sun to the surface of the earth is given by the exponential: L is the averaged distance
between the center of the sun and the surface of the earth while 7 is the distance between

the neutrino production point (see Sec. 3.1.1) and surface of the sun.
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3.1 Survival probability computation

The corresponding survival probability P2” is then given by:
P2 = P% PT. + P3, PL, 42 cos £ /PS5, PS, PE, PE. (3.4)

where P5, = |AS|? and PE = |AF |2. Unitarity implies PY, + PE = 1 and PS, + P5, = 1
so it is possible to derive an expression of the survival probability as a fuction of P§1
and PE, only.

P, (hereafter called PS) is the probability that an electron neutrino produced in
the sun becomes a neutrino mass eigenstate 11, while PY. (hereafter called P¥) is the
probability that a neutrino propagating in vacuum as mass eigenstate 15 is detected on

earth as an electron neutrino. In other words,

P2 = P5 (1 - P¥) + (1 — P5)P¥ + 2 cos¢ \/PS (1 - PE) (1 — PS)PE, (3.5)
The phase £ is given by:
Am3; . 5

where § contains the phases due to propagation in the sun and in the earth and can be
safely neglected. In the evaluation of both PS and P, the effect of coherent interaction
with the sun and earth matter must be taken into account.

Starting from the considerations done so far, it is helpful to recover more familiar

expressions for the survival probability.

e For Am?/E < 5 x 107!7 eV, the matter effect suppresses flavor transitions both in
the sun and in the earth. Consequently, the probabilities PS and P¥ are simply the
projections of the v, state onto the mass eigenstates and the survival probability

P2V is expressed via the standard formula:

2
Ams,;

PY2¢ = 1 — sin? 201 sin? [ 5 - r)] , (3.6)

which describes the oscillations on the way from the surface of the sun to the
surface of the earth. This probability is symmetric under the change of octant
and the change of mass sign so it is possible to take Am%; > 0 and 0 < 015 < 5

without loss of generality.

Since the earth-sun distance changes during an orbital period T (see Sec. 2.6.1),

one should consider L = L(t) rather than a constant L = Lay, value. In particular:
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Averaging Eq. 3.6 over the earth-sun distance L(t) the final expression of P2/

becomes:

Am? Am3
(PR =1-— sin® 2015 [1 — cos <2E21Lavg> Jo (6 2E21Lavg>] ) (3.7)

where € = 0.0167 is the terrestrial orbit eccentricity and Jy is the Bessel-Jy func-

tion.

e For Am?/E > 104 eV, the last term of Eq. 3.5 vanishes and the incoherent
MSW survival probability is recovered: PS and P® must be obtained by solving

the equation of the neutrino states in the sun and in the earth matter respectively.
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Figure 3.2: The oscillating term f(¢) of Eq. 3.8 as a function of Am3,, being ¢ =
Am%l
2B

Lavg. The curve is obtained by assuming E = 1 MeV and tanZ 619 = 1.

Figure 3.2 shows the trend analysis of the oscillating term:
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3.1 Survival probability computation

The curve is obtained by assuming a typical solar neutrino energy E = 1 MeV and
tan®612 = 1. It can be noticed that the variation of the distance earth-sun is not
negligible in case of Am2; < 107 eV? (i.e. in the Quasi-Vacuum and Vacuum regimes)
while it averaged out to zero for Am3; > 1077 eV?, i.e., in the MSW region.

In conclusion, from a practical point of view, the survival probability is computed

by dealing separately PS and PE. These two quantities are evaluated for each set of

R Am? .
oscillation parameters :éﬂ, tan2 f15 and sin? 6;3.
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Figure 3.3: Solar density profile as a function of the normalized solar radius r;, (Ref.
[70, 71, 72, 73, 74]).

3.1.1 Survival probability: the sun contribution

The propagation of the survival probability of electron neutrinos in the Sun, the PS, is

evaluated by using the effective Hamiltonian of Eq. 3.1.
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Toward the global analysis: the method

The code built to this purpose uses as input the sun radial density distribution p(r),
(Fig. 3.3), as given by the Standard Solar Model (Ref. [70, 71, 72, 73, 74]). The sun
is divided in about 1000 shells in which the density p(ri) is assumed to be reasonably
constant. All the r; radii are normalized respect to the radius of the sun Rgyn: the
normalized radius is named 7.

Am?2 .
For each set of 613, tan? 615 and 1~ parameters and for each solar neutrino source,

the code computes Heg[p(ri)] and iterates for all r; greater than that of the neutrino

production point.
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Figure 3.4: Production points distribution for some of the solar neutrinos as function of
the normalized solar radius 7;, . In cyan, the pp neutrinos; in blue, the pep
neutrinos; in red, the “Be neutrinos; in green, the 8B neutrinos; in yellow
scale, the CNO neutrinos.

For each solar neutrino source, in order to obtain PS, we sum the contribution of
all the neutrino production volumes. This is performed by integrating the neutrino
conversion probability over all the neutrino radii, starting in r;,, = 0, ¥ = 0, weighted
for the SSM 1D production points distribution f(r;, ) of Fig. 3.4, and using the spherical
symmetry on the remaining part of the angle ¥ which lies in the plane perpendicular to

the trajectory.

3.1.2 Survival probability: the earth contribution

The calculation of P¥ is notoriously difficult since the electron density in the earth is

not a simple function of the radius, and the Pge has to be averaged over given intervals
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3.1 Survival probability computation

of time. The method we adopt in computing P¥ consists in propagating the effective
Hamiltonian in terrestrial shells characterized by a constant density, and then weighting
the Pee for the solar exposure of the trajectory corresponding to the nadir angle 6, (Ref.
[75]). From a practical point of view, to calculate the neutrino regeneration probability,
we consider small segments of a circumference string (see Fig. 3.5) that is we select
shells in which the earth density can be assumed constant. We integrate numerically
the evolution equation in earth matter using the earth density profile (Fig. 3.6) given in
the Preliminary Reference Earth Model (PREM, Ref. [76]). The density is symmetrical
about the midpoint of the diameter AB, so the propagation of the effective Hamiltonian
can be limited to only half of AB.

DETECTOR\ x
0, = —
A 2
cosf, =0
Increasing
PezM
NIGHT

Figure 3.5: Pictorial representation of the earth: day and night period are defined as
function of the nadir angle 6.
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Figure 3.6: Earth density profile according to the Preliminary Reference Earth Model
(PREM, Ref. [76]).

For each angular bin then, the PP has to be weighted for the exposure correspon-
dent to the latitude of the experiment site. In Fig. 3.7, it is shown the solar expo-
sure for the SNO experiment (Lat. 46.50°; location: Sudbury, CA), the Borexino and
GALLEX/GNO experiments (Lat. 42.19°; location: LNGS, L’Aquila, IT), the Super
Kamiokande and KamLAND experiments (Lat. 36.42°; location: Kamioka, JP).

For all experiments except for Borexino, we use the ideal zenith exposure. In the
Borexino case, it is possible to use the experimental exposure function, weighted by the
real live time: the comparison of the experimental exposure respect to the expected

theoretical function is reported in Fig. 3.8.

Finally, the probability PE, as previously for PS, is given as a function of sin®6;3,
2
tan® 6,5 and Aﬁfl. Three separated outputs are generated for the different latitudes of

the real-time experiments sites.
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Figure 3.7: Annual average of the solar exposure as a function of the nadir angle 6,. In
green, the theoretical solar exposure at Sudbury, CA (Lat. 46.50°); in red,
the theoretical solar exposure at L’Aquila, IT (Lat. 42.19°); in blue, the
theoretical solar exposure at Kamioka, JP (Lat. 36.42°).
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Figure 3.8: Comparison between the expected solar exposure (light red) and the exper-
imental solar exposure (red) for the Borexino experiment. The red curve is
obtained by weighting the Gran Sasso solar exposure for the real live time
of the experiment.



Toward the global analysis: the method

The latitudes of the Homestake (South Dakota, US, Lat. ~ 44°) and SAGE (Baksan,
RU, Lat. ~ 43°) experiments differ for less than 2° from that of the GALLEX/GNO ex-
periment (LNGS, L’Aquila, IT, Lat. ~ 42°). We verified that the relative analyses were
not sensitive to such a small angular change and we chose the Gran Sasso theoretical

exposure as common exposure function for the three radiochemical experiments.

3.2 Experimental input data

As already mentioned, in this Ph.D. thesis we use up-to-date neutrino experimental re-
sults. More precisely, we include data coming from Borexino, Homestake, GALLEX/GNO,
SAGE, Super Kamiokande, SNO, and KamLAND experiments.

A detailed discussion about the solar experiments, their techniques and their results
has been given in Sec. 1.6. Here a short summary follows. The radiochemical experi-
ments contributions enter the analysis with the Homestake chlorine results (Ref. [25])
and the gallium data. The latter is an average of the latest results from SAGE (Ref.
[30]) and the joint analysis of GALLEX/GNO data (Ref. [29]).

The Borexino experiment contributes with the “Be neutrino interaction rate, its
related Apn measurement (Ref. [1, 2]) and the pep neutrino rate (Ref. [3]). Moreover,
the 8B neutrino rate above 3 MeV and the spectral shape associated (Ref. [4]) are also
included.

For what concerns the SNO experiment, we include the results coming from the
Low Energy Threshold Analysis (LETA, Ref. [35]) and Phase III data (Ref. [77]). In
LETA analysis, the SNO collaboration performs a signal extraction fit in which the free
parameters directly describe the total B neutrino flux, the energy-dependent survival
probability Pe. and the Apy measurement.

The Super Kamiokande experiment is included in the analysis with its observed 8B
event rate in phase I (Ref. [31]) and phase III (Ref. [33]).

Finally, for what concerns the reactor experiments, we include as input to our analysis
the published result on the 7, survival probability from the KamLAND collaboration
(Ref. [38]).

Contributions from atmospheric, reactor (CHOOZ experiment only), and long-baseline
(LBL) accelerator experiments are relevant only for what concerns the 63 determina-
tion. For non-solar neutrino data we refer to, and directly use, the results of the analysis
done by M. Gonzalez-Garcia et al., reported in Ref. [78]. This analysis includes the
electron neutrino appearance as well as the anti-neutrino data from the MINOS long-
baseline experiment, and it is in good agreement with other similar analyses performed

by different group as in Ref. |79].
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3.3 Computation of the expected results

3.3 Computation of the expected results

Starting from the two components of the survival probability so far calculated (P* and
PS), the theoretical predictions for each experiment relevant quantities are evaluated as
a function of the free parameters of the fit: the oscillation parameters sin? 613, tan? 62,
and Am3;.

Regarding the radiochemical experiments (i.e. Homestake and the gallium experi-
ments), we compute the theoretical prediction of the rate (in SNU?!) for solar neutrinos
whose energy lies above the experiment threshold.

For the Borexino experiment, we evaluate the expected rate, normalized to that of
the non-oscillating case for "Be, pep and 8B solar neutrino. Moreover, discriminating
between day and night PP contribution, we compute the potential “Be signal for a day-
night asymmetry. The shape of the expected B recoil energy spectrum is also evaluated
in a 5 bin energy distribution: 3-5 MeV, 5-7 MeV, 7-9 MeV, 9-11 MeV, and 11-13 MeV.

For what concerns the Super Kamiokande experiment, the hep and B expected rates
are normalized to the non-oscillating case and the spectral shapes are calculated for both
Phase I and Phase III, according to the day-night energy format of Ref. [31, 33].

Concerning the SNO experiment, the expected total rates in case of neutral current
and charged current interactions are evaluated.

In general, the rate is computed taking into account all possible neutrino contribu-
tions, that is assuming that not only neutrino from the pp chain but also from the CNO
cycle are emitted by our sun.

The cross section of each experiment is evaluated according to Ref. [80, 81]. At this
level we also include the experiment energy resolution therefore a convolution between

resolution and cross section is needed.

3.4 The statistical approach

In this work, the constraints on the parameters of the global analysis are obtained by
fitting the theoretical prediction to the experimental data via y2-method.

The parameter estimation is obtained by finding the minimum of the y2-function
and by tracing iso-Ax? contours around it. We adopt the convention of calling “allowed
region” at (1 — a)% C.L. or at n-o, the subset of the parameter space obeying to the
inequality:

Ax? <I(m), (3.9)

where the set of I(m) values depends and varies according to the number m of parameters

!Solar Neutrino Unit: 1 SNU = 1073¢ captures/atom/sec .

78



Toward the global analysis: the method

involved in the estimation i.e. according to the degrees of freedom (d.o.f.) of the fit.
Table 3.1 reports some statistical common values of I(m) as defined in Ref. [7].

From a practical point of view, if RiFjQP is the set of results of the ¢ measurement
actually obtained by the A experiment, and RiT’gEO(Amgl, tan? 612, sin® 6,3, P, 4) is the
corresponding set of theoretical predictions, then the y? of the experiment A is defined

as it follows:

W = [Rid — Riheo(Amdy, 01, 01, ®0)| 072 [RhL — Rhiheo(Amd,, 01, 015, @,.)
(3.10)
The error matrix o;; includes both the theoretical and experimental errors as well as
the cross-correlations between errors on the different parameters.
The resulting x? is then marginalized over Am2; , tan? 15 and sin®#;3: in this way

we obtain the x? projection for each parameter of the fit.

no|(l-a)% | m=1 m=2 m=3

lo 68.27 1.00 2.30 3.53

90.00 2.71 4.61 6.25

95.00 3.84 9.99 7.82

20 95.45 4.00 6.18 8.03

99.00 6.63 9.21 11.34

30 99.73 9.00 11.83 14.16

Table 3.1: I(m) values corresponding to a (1—a) coverage probability and to n — o, for
joint extimation of m parameters (Tab. 33.2 of Ref. [7]).
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Chapter 4
Analysis of Borexino data

The main topic developed in this chapter is the impact of the Borexino measurements in
the scenario of the global analysis of neutrino data. From this perspective, we separately
study each piece of information coming from the Borexino experiments. As explained in
Chap. 3, this study is performed through a fit which takes into account the experimental
errors, their cross correlations (if any) and the related theoretical errors, associated to
the SHP11 solar model (Ref. [18]).

Even if Borexino was designed for the real-time detection of “Be solar neutrinos at
862 keV, it turned out to be a very powerful experiment being able to detect also the
higher energy 8B and pep neutrinos. A detailed description of the main Borexino results
is given in Sec. 2.8, while a schematic list of the Borexino observables, together with
their reference papers, is given in Tab. 4.1.

We present the global analysis of the Borexino data following the detector’s history:
at first, the "Be result only is analyzed, then the 8B results (both the total rate above
3 MeV and the relative spectral shape) are introduced. The day-night asymmetry
measurement and the latest pep neutrino rate are afterwards included.

All the analysis are performed assuming the high metallicity hypothesis (Tab. 1.2)
of the SHP11 standard solar model.

Even though today the actual oscillations solution is established (Ref. [38]) to belong
to the Large Mixing Angle MSW regime, we carry out the analysis in an enlarged range
of parameters in order to study the full Borexino potential: we want to consider all the
possible oscillation solutions either in the Mikheyev-Smirnov-Wolfenstein regime or in
the Vacuum regime, without relying on any other solar or reactor experiments results
and without assuming CPT invariance.

We let Am%; vary between 1072 eV2 and 1072 eV? in a 1801 points grid (200 points

per decade) while the mixing angle ;5 is studied by letting tan? @15 vary between 1074
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4.1 The berillium contribution

Observable NoD 2 | Release | References
"Be rate, 1 2011 [1]
"Be signal Apy;, 1 2011 2]
pep neutrino rate, 1 2011 3]
8B total rate,P 1
2010 [4]
8B spectral shape 5

& NoD is the Number of Data we add to our global analysis.
b 8B total rate above 3 MeV.

Table 4.1: Summary of the Borexino experimental data used as input to the global
analysis.

and 10, in a 1001 points grid (again, 200 points per decade). Although the analysis has
been performed for different 613 values, we directly report only the plots concerning the
013=0 analysis and we report the complete list of the fit outputs in Tab. A.l of the
Appendix.

Here and in the following chapter we will use some acronyms in referring to the
possible oscillation solutions (Sec. 1.8). In particular, we will refer to the Large Mixing
Angle solution as LMA, to the Small Mixing Angle as SMA and to the LOW solution
as LOW. The Quasi-Vacuum, the Vacuum solutions will be respectively indicated with
QV and VAC.

4.1 The berillium contribution

The Borexino collaboration recently presented a new ’Be neutrino flux measurement
with a total uncertainty below 5% (Ref. [1]). The best value for the interaction rate of

862 keV "Be solar neutrinos is:
46.0 + 1.5(stat) 712 (syst) cpd/100 ton .

For the first time, the experimental uncertainty (4.8%) is smaller than the theoretical

uncertainty (about 7% according to Ref. [18]).
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Analysis of Borexino data

Before studying the effect of the inclusion of the “Be neutrino flux measurement in the
fit, it is interesting to evaluate how this result compares with the expectation inferred
from a global analysis of the data coming from the other solar neutrino experiments,
together with the high-metallicity SHP11 neutrino fluxes predictions (Ref. [18]), and
the Kamland experiment. A complete description of this global analysis is given in Sec.
5.3 while details on the data we include and the SHP11 model can be found in Tab. 5.1
and Tab. 1.2 respectively.

1073

1074

1073

1076

1077

1078

Am?5 (eV?)

1077

10—10

10—11

O

10*12 1 JlllIIII L IIIILIII 1 Illlllll 1 JlllIlII L1 11l

107 1072 1072 107! ] 10

tan0 12

Figure 4.1: Iso-contours for the current Borexino "Be neutrino flux result [1] at +1o
experimental error only.

We consider as oscillation parameters the best fit coming from the analysis reported

in Sec. 5.3, and we let them vary within 1o, that is:
Am3, = 7507038 x 107°eV?  and  tan® 6o = 046215057 .
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4.1 The berillium contribution

If all the neutrinos remained v,, the prediction from the SHP11 model would yield an
interaction rate of 74.0 + 5.2 cpd/100 ton for the "Be neutrinos in Borexino.
Assuming the high metallicity SHP11 neutrino fluxes with their relative errors, we
get the expected rate of:
47.7 + 3.4 c¢pd/100 ton.

This value is perfectly consistent with the actual Borexino result.

Starting from the rate calculations described in Sec. 3.3, it is possible to plot the
iso-contours lines in the tan? 612 — Am3; space for any Borexino result.

After computing the survival probabilities PS and PF as discussed in Sec. 3.1, the
expected rate is evaluated considering several factors related to the nature and to the
energy of the "Be neutrino emission. First of all, we take into account the smearing
of the beriullium line: even if it is a monochromatic emission, it cannot be assumed
as a perfect delta due to the Doppler thermal shift (Ref. [82]). A second aspect we
consider is the branching ratio of the decay: of all the "Be electron capture, only the
90.7% results in the emission of a 862 keV electron neutrino. Finally, we obviously take
into account the cross section of the process, convolved with the detector resolution.

Figure 4.1 shows the iso-contours lines for the maximum and minimum flux allowed
at 1o (experimental error only) by the latest Borexino “Be measurement: the coloured
region indicates the fraction of the space of parameters authorized at 68.27% C.L..
Unfortunately, the impact of the actual Borexino “Be result is smoothed out by the
fact that the “Be neutrino flux prediction has a relatively large theoretical error. This
effect becomes evident when the theoretical error is added to the analysis and the x?2-
computation is performed: the plot in Fig. 4.2 shows the allowed regions (d.o.f. = 2)
at 68,27% C.L., 95.45% C.L. and 99.73% C.L., reported in pink, green and blue color
respectively.

The y2-fit clearly indicates that when including its "Be result only, the Borexino
experiment cannot be significant in discriminating the allowed regions of the space of
parameters (tan? 62 ,Am%l): all the possible theoretical solutions are allowed at 1o.

The damping in the QV region (107!%eV? < Am3, < 1077 eV?) can be ascribable

to several factors. However, the main sources of this phenomenon can be identified in:

1. the neutrino line width and energy resolution;

2. the averaging over the earth orbit.

The "Be neutrino energy smearing was deeply studied by J. Bahcall. In Ref. [82],
the "Be line shape is found to be asymmetric: on the low-energy side, the line shape is
Gaussian with a half-width at half-maximum of 0.6 keV and, on the high-energy side,

the line shape is exponential with a half-width at half-maximum of 1.1 keV.
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Figure 4.2: The Borexino “Be measurement impact in the tan® 615 — Am%l space, as-
suming 013=0. Allowed regions (d.o.f. = 2) at 68.27% C.L. (pink), 95.45%
C.L. (green) and 99.73% C.L. (blue).

4.2 The boron contribution

Even if its main goal was the detection of the "Be solar neutrinos, the Borexino ex-
periment quickly revealed to be a powerful instrument, being able to measure not only
the designed target but also other solar neutrino signals. In particular, in 2010, the
Borexino collaboration released the measurement of the v.-e elastic scattering of 8B
solar neutrinos, with a 3 MeV electron energy threshold (see Sec. 2.8.3). The resulting
counting rate was: 0.217 £ 0.038(stat) & 0.008(syst) cpd/100 ton, that is 0.217£17.9%
cpd/100 ton.
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Figure 4.3: Iso-contours for the current Borexino 8B neutrino flux result [4] at 1o
experimental error only. Electron energy threshold at 3 MeV.

The evaluation of the expected ®B rate is similar to the one described in the previous
section but, in addition, we take into account the theoretical spectral shape of 8B
neutrinos which dominates over all the other smearing sources.

In Fig. 4.3, the iso-contours of the minimum and maximum ®B flux, allowed at 1o
(experimental error only) by the Borexino B total rate (Ey,, = 3 MeV) measurement
are indicated. As it was for the "Be case, the coloured region defines the fraction of the
space of parameters that is authorized at 68.27% C.L. by this experimental rate only.

While going to the x? analysis, it has to be considered that beriullium and boron
neutrinos are stricly correlated. The two neutrinos in fact, derive from the same section
of the solar pp chain (see Sec. 1.3.1); in particular, branch III (the 8B branch) cannot
exist if branch II (the "Be branch) has not happened first.
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Figure 4.4: The Borexino "Be and 8B (total flux above 3 MeV only) measurements
impact in the tan? 12 — Am2, space. Allowed regions (d.o.f. = 2) at 68.27%
C.L. (pink), 95.45% C.L. (green) and 99.73% C.L. (blue).

The theoretical correlation between "Be and 8B fluxes was numerically computed
in Ref. [57] as p = 0.887 for the high-metallicity hypothesis and p = 0.878 for the
low-metallicity hypothesis. This effect is taken into account by evaluating a combined
x? of the berillium and boron rate. As explained in Sec. 3.4, the correlation between

the two results is included at the level of the error matrix.

In Fig. 4.4, the fit of the "Be and ®B neutrino fluxes is reported: all the possible
oscillation solutions except the lowest Am3; Vacuum regime are still allowed at 1o. At

this level, the best fit for the oscillation parameters is found in the LMA region.
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4.2 The boron contribution

4.2.1 The boron spectral shape contribution

The shape of the expected 8B recoil energy spectrum is another information that can be
extracted from the 8B analysis. The experimental spectrum is indeed presented in Ref.
[4] in terms of five energy bins: 3-5 MeV, 5-7 MeV, 7-9 MeV, 9-11 MeV, and 11-13 MeV.

For each energy interval, we evaluate the expected bin content. Due to the low
statistics, the uncertainties are very large and the ®B spectral shape alone cannot add

any significant constraint to the oscillation solution.
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Figure 4.5: The Borexino "Be and 8B (total rate above 3 MeV and spectral shape) mea-
surements impact in the tan2 6o — Am%l space, assuming 613=0. Allowed
regions (d.o.f. = 2) at 68.27% C.L. (pink), 95.45.% C.L. (green) and 99.73%
C.L. (blue).
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Analysis of Borexino data

Anyhow, a separate x2 for the boron spectral shape is computed and then added to
that of the previous beriullium-boron total rate analysis.

Figure 4.5 reports the status of the n-o allowed region after the inclusion of the 8B
spectral shape. The 1o (Ax? = 2.3) region is depicted in pink, the 20 (Ayx? = 6.18)
region in green and the 30 ( Ax? = 11.83) allowed region in blue.

In comparison with Fig. 4.4, the general shape of the allowed regions seems un-
changed after the 8B energy spectrum inclusion. Nevertheless, it can be noticed that
the best fit of the oscillation parameters now belongs to the SMA solution. This fact
should not surprise and it can be easily understood by looking at Fig. 4.6 where the
x2-profile of the Am3, parameter is reported. From this plot, as from Fig. 4.4 and 4.6,
it is clear that either the LMA, the SMA, the LOW and the VAC solutions have similar
x? minima within about 1o (Ax? = 1). Thus, the Am2, best fit value can easily flip

from one solution to the other for small perturbations of the fit.
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Figure 4.6: x2-profile of the Am%l parameter in the Borexino "Be and ®B (total rate and
spectral shape) neutrino results analysis. The black dashed lines indicate
the 1o [x?(Am3,)=1], 20 [x?(Am3;)= 4] and 30 [x?(Am3,)= 9] levels.

4.3 The Day-Night asymmetry contribution

As already discussed in Sec. 2.8.2, a generic feature of the matter-enhanced neutrino
oscillations is the potential for the regeneration of the v, flavor eigenstate when solar
neutrinos propagate through the earth, during the night. This feature may yield a non-
zero day-night asymmetry (Apn) in a region of the oscillation parameter space which

depends on the energy spectrum of the detected solar neutrinos.
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Figure 4.7: Iso-contours for the current Borexino “Be neutrino flux at 410, experimental
error only, during day (red, panel left) and night (blue, panel right).
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Figure 4.8: Iso-contours for the Day-Night asymmetry of the current Borexino 7 Be signal
at +1o experimental error only. The coloured-dashed region is the one
excluded by the Apy.
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Analysis of Borexino data

In particular, for Borexino Apy should be ~ 0 in the LMA region, while it should be
> 0 in the LOW region.

The Borexino collaboration have searched for a day-night asymmetry (Ref. |[2])
in the interaction rate of 862 keV "Be solar neutrinos. The result is Apxy = 0.001 +
0.012(stat)=£0.007 (syst), and it is consistent with zero and therefore with the prediction

of the LMA-MSW neutrino oscillation scenario.

According to Ref. [2]|, we define day-night asymmetry the ratio:

N-D
N+D

Apx =2 (4.1)

where N and D are the rate expected during night and during day respectively. For
each set of oscillation parameter Am3,, tan? 615 and sin®f;3, we compute the expected
value of Apy and we compare, via y2-fit, the latter result with the Apy experimentally

obtained by Borexino.
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Figure 4.9: The Borexino day-night asymmetry impact in the tan2 615 — Am%l space,
assuming 013=0. Excluded region at 99.73% C.L. (d.o.f. = 2).
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4.3 The Day-Night asymmetry contribution

In Fig. 4.1 we already reported the iso-contours of the actual “Be Borexino result
(Ref. [1]), averaged over a full day measurement. In Fig. 4.7 we report the iso-contours
of the actual Borexino "Be result (Ref. [1]) at 10 in the case of a day-only detection
(red, left panel) and a night-only detection (blue, right panel). A clear difference can

be seen in the LOW region of oscillation parameters, due to earth regeneration effects.
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Figure 4.10: The Borexino day-night asymmetry, "Be and 8B measurements impact in
the tan? 012 — Am32, space, assuming 013=0. Allowed regions (d.o.f. = 2)
at 68.27% C.L. (pink), 95.45.% C.L. (green) and 99.73% C.L. (blue).
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Analysis of Borexino data

In Fig. 4.8 we report the iso-contours for the Borexino day-night asymmetry at +1o,
considering the experimental error only. The preferred tan? §12 — Am3; region is the
complement to the coloured-dashed one. Taking into account not only the experimental
error but also the theoretical one, we perform the x2-analysis. In Fig. 4.9, we chose
to represent the effect of the Borexino Apy measurement in guise of excluded region of
the oscillation parameters at 99.73% C.L. (dashed red).

The impact of this result in the Borexino only global analysis is really impressive:
the Apny measurement alone rules out the LOW oscillation parameter region at more
than 8.5¢0. This can be easily verified once we add the Apy fit result to the x? of the

beriullium-boron analysis (*B spectral shape included) described in Sec. 4.2.1.

In Fig. 4.10, the impact of the Borexino results so far examinated is reported at
68,27% C.L. (Ax? = 2.3, pink), 95.45% C.L. (Ax? = 6.18, green) and 99.73% C.L.
(Ax? = 11.83, blue).

After the Apy inclusion, the LOW solution is no longer acceptable and the allowed
(at 68.27% C.L.) oscillation solutions are now the SMA, the LMA, the QV and the
VAC. At this stage, the best fit for the oscillation parameters lies in the LMA sector
(see Fig. 4.11), although the SMA, QV and VAC x? minima are very similar to the
LMA one.

X 2(Am?)

Log(Am?y)

Figure 4.11: x2-profile of the Am%l parameter in the Borexino "Be, Apy and 8B (total
rate and spectral shape) neutrino results analysis. The black dashed lines
indicate the 1o [x2(Am32,)= 1], 20 [x?(Am3,)= 4] and 30 [x?(Am3,)=
9] levels.
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4.4 The pep contribution

4.4 The pep contribution

In 2011, the Borexino collaboration has provided evidence (see Sec. 2.8.4) of the rare

signal from pep neutrinos: this is the very fist observation of solar neutrinos in the 1.0-

1.5 MeV energy range.

The best estimate for the pep neutrino interaction rate is:

3.1 £ 0.6(stat) £ 0.3(syst) ¢cpd/100 ton, that is 3.1 + 21.6% cpd/100 ton.
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Figure 4.12: Iso-contours for the current Borexino pep neutrino flux result [3| at +1o

experimental error only.

In Fig. 4.12 the iso-contours of the minimum and maximum pep neutrino flux, allowed

at 1o by the Borexino pep interaction rate measurement are indicated. As in the

previous cases, the coloured region defines the fraction of the space of parameters that

is authorized at 68.27% C.L. by this experimental rate only.
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Analysis of Borexino data

As it was for the "Be expected rate computation, since the pep neutrinos are monochro-
matic, we have to deal with the smearing of oscillations in the QV region, due to the

neutrino line width, energy resolution and to the averaging over the earth orbit.

For what concerns the pep neutrino energy smearing, a study by J. Pantaleone,
reported in Ref. [83], found the half-width at half-maximum of the pep neutrino line to
be 1.3 keV.
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Figure 4.13: The Borexino final impact in the tan? 15 — Am%l space, assuming 613=0.
Allowed regions (d.o.f. = 2) at 68.27% C.L. (pink), 95.45.% C.L. (green)
and 99.73% C.L. (blue).
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4.5 Conclusions

The experimental error associated to the pep neutrino measurement is quite large
(> 20%) so we do not expect that it can strongly change the x? analysis. However,
the inclusion of the pep result has the merit of ruling out the thin 30 region which
connected the SMA to the LMA oscillation solution, and of reducing the significance of
the SMA solution itself: see Fig. 4.11 and compare with 4.14.

4.5 Conclusions

In the previous sections, various Borexino results were separately introduced and an-
alyzed. The plot presented in Fig. 4.13, represents the final result of the analysis of
neutrino data coming from the Borexino experiment alone. After marginalizing over

the different oscillation parameters, the best fit (£1o, Ayx? = 1) results are:
Am3, = 441348 x107°eV?  tan? 01 = 0.461017 . (4.2)

It is clear how the uniqueness of the Borexino experiment allows to explore, with
only neutrino data, the whole space of parameters from the Just-So to the MSW regime,
for 612 belonging either to the first or to the second octant.

A clear output of this study is the rejection of the LOW solution in the MSW scenario:
thanks to the day-night asymmetry measurement, the Borexino experiment is able to

rule out the LOW mass regime at more than 8.50.

X 2(Am?y)

Log(Am?,7)

Figure 4.14: x2-profile of the Am%l parameter in the Borexino results analysis. The
black dashed lines indicate the 1o [x?(Am3,)= 1], 20 [x2(AmZ,)= 4]
and 30 [x?(Am3,)= 9] levels.
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Analysis of Borexino data

The LMA-MSW region is clearly favoured but also the SMA, the QV and the VAC
regions are allowed within 20 (cf. Fig. 4.14).

We made the exercise of studying an improved ®B result and we verified that a
reduced experimental error (~ 10%) in the definition of the total flux and a consequent
better definition of the spectral shape would yield the rejection of the SMA region at
99.73% C.L..

Borexino could also provide a measurement of the seasonal variations of the “Be solar
neutrino signal (Sec. 2.6.1). At present, some studies on this topic are in progress and,
as soon as possible, their results will be included in this Borexino alone analysis.

Finally, we would like to stress that even if all the plots reported in this chapter are
produced assuming #13=0, the whole analysis chain was performed for 4 different values
of sin? #13 in the enlarged space of parameter (Am3,: [107'2, 1073]; tan? f15: [107%, 10])
and for 26 different values in the MSW space of parameters (Am3;: [107%, 1073];
tan? f12: [1073, 1]). Both the grids cover the 0.000 < sin? #13 < 0.049 interval.

Being an experiment designed for solar neutrinos detection, Borexino is not strongly
sensitive to the variations of the 613 parameter: the results does not significantly change
by assuming 013=0 or #13# 0. All the different outputs of the x?-analysis are reported
in Tab. A.1 of the Appendix.
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Chapter 5

(Global analysis of data from

neutrino experiments

In this chapter we focus on the global analysis of data coming from the different types of
neutrino experiments. The contributions of solar, reactors and accelerators experiments
are presented and progressively included into the analysis.

Regarding solar neutrinos, we first analyze separately the impact of the results from
the Homestake, GALLEX/GNO, SAGE, SNO and Super Kamiokande experiments,
assuming the SHP11 standard solar model with high metallicity as discussed in Sec.
1.3.3. The analysis procedure is the same used for the Borexino only case and it is
reported in Chap. 3. We then study the analysis of solar neutrino data without and
with Borexino, and, after having independently analyzed the KamLAND results, we also
perform a combined analysis of the solar plus KamLAND data. This combination is also
used in the so-called free-fluzes analysis (Sec. 5.6) to derive constraints on some of the
standard solar model parameters: the fluxes of “Be, ®B, CNO and pp solar neutrinos.

In Tab. 5.1, the used experimental observables are summarized together with their
reference papers, and the exact number of data (NoD) they introduce into the global
analysis.

For what concerns contributions from atmospheric (SK I4+II++III), reactor (CHOOZ
experiment only), and accelerator experiments (MINOS + LBL), we remind (see Sec.
3.2) that we directly use the function x2_._ . . (613) resulting from the analysis per-
formed by Gonzalez-Garcia, Maltoni and Salvado and reported in Ref. [78]. Hereafter,
we refer to this latter contribution as the terrestrial contribution.

The analysis which includes the solar, KamLAND and terrestial contributions is

simply called global analysis.
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Experiment Observable NoD ? Release References
Homestake Total Rate 1 1998 [25]
SAGE Total Rate 2009 [30]
1
GALLEX/GNO Total Rate 2010 [29]
"Be rate, 1 2011 1]
"Be signal ADN, 1 2011 2]
BOREXINO pep neutrino rate, 1 2011 3]
8B total rate,P 1
2010 [4]
8B spectral shape 5
8B NC flux,° 1 2009 [77]
SNO
P and ®B signal ADN 5 2010 [35]
8B observed event rate in phase I 42 2006 [31]
Super Kamiokande
8B observed event rate in phase III 42 2011 [33]
KamLAND P(U. — Ue) 6 2011 [38]

a

For each experiment, NoD is the Number of Data we introduced into our global analysis.
b 8B total rate above 3 MeV.

¢ NC is Neutral Current.

Table 5.1: Summary of the solar and reactor experimental data used as input to the global analysis reported in this Ph.D. thesis.
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Global analysis of data from neutrino experiments

We calculate the overall x? by fitting all available neutrino data that is solar (101
entries) plus KamLAND (KL, 6 entries) plus terrestrial (80 entries) data. Therefore, our
analysis counts a maximum of 187 entries and formally the analysis x? can be written

in the form (Ref. [66]):

Xiiobal = Xaolar(Am3y, tan® 019, sin® 013, {fie, fi, fono})+
(5.1)

+X2KL (Am%h tan 9127 Sin2 913) + X%errestrial(Sin2 913) .

Depending upon the case we consider, in XQS olar analysis there can be as many as 6
free parameters, including Am%l, tan? 012, sin? 013 and the reduced fluxes fBe, B, fono
(see Sec. 5.6).

Being aware of the strong KamLAND Am3; constraint, we decided to exclude the
so-called Vacuum region and to focus instead on all the MSW oscillation scenarios.

At this stage, we reduce the investigated range of parameters and let Am3;, tan? 12

and sin®f;3 free to vary between:
1078 < Am3, (eV?) <1073, 1073 <tan?6;5 <1 and 0.000 < sin® 63 < 0.049.

The 613 analysis of the KamLAND data and of the solar, solar plus KamLAND,
terrestrial contribution and overall data-sets are reported at the end of each respective
paragraph.

Since single solar experiments do not have significant sensitivity' to 613, for what
concerns the radiochemical, SNO and Super Kamiokande experiments we directly report
the result and the plot obtained by assuming the limit case 613 = 0 only. Anyway, the
analysis has been performed for 26 different values of 613 and a complete list of the
results can be found in Tab. A.2, A.3, and Tab. A.4 of the Appendix.

5.1 Analysis of solar neutrino data

In the last years, the real-time solar neutrino experiments have appreciably improved
their analysis techniques and, moreover, there has been a consistent gain in statistics.
This yields better defined results and, consequently, a better definition of the allowed
regions of the space of parameters. Here we quickly analyze the impact of the radio-
chemical, the SNO and the Super Kamiokande experiments in enhancing or disfavouring

any of the MSW oscillation regimes.

The x2-projection over 613 are not statistically significant: all the 6,3 values we analyze are allowed
within 1o.
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5.1 Analysis of solar neutrino data

The combination of the solar neutrino experimental results other than Borexino
(the solar-without-Borexino data set) is then accomplished with a three-flavor neutrino

oscillation analysis by constructing a joint y>-fit.

The outcome of the Borexino only analysis (Chap. 4) is finally added to the interme-
diate solar x? (solar-with-Borexino data set) and, after marginalizing over sin?6;3, we
obtain the allowed tan? #15 — Am2, region by solar global analysis and the corresponding

best fit values for the oscillation parameters.

1073 T T T T TTIT T T T T T TTIT

10°*

-7
10 E Allowed regions:
- () 6827%C.L.
L () 9545%C.L.
- @) 99.73%C.L.
1078 b il Lol
107? 1072 107! 1

tan2€ 12

Figure 5.1: The joint Homestake, GALLEX/GNO and SAGE analysis in the
tan? 12 — Am2, space, assuming 013=0. Allowed regions (d.o.f. = 2) at
68.27% C.L. (pink), 95.45% C.L. (green) and 99.73% C.L. (blue).
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Global analysis of data from neutrino experiments

5.1.1 Analysis of radiochemical data

After the completion of the gallium solar neutrino experiments (GALLEX: 1991-1997;
GNO: 1998-2003; SAGE: 1990-2007), the availability of new technical information (i.e.
the calibration of the GALLEX counters in the frame of the GNO experiment) permitted
to improve the precision of the results (Ref. [29, 30]).

In order to perform a y2-fit, once the survival probabilities PS and P® (Sec. 3.1)
are computed, we first have to evaluate the expected rate on earth for each of the 8
solar neutrino sources, taking into account the different experimental energy thresholds.
We remind that at this step, we assume the high metallicity hypothesis of the SHP11
standard solar model (Tab. 1.2).

The employed procedure is analogous to that used in the Borexino "Be case (Sec.
4.1): we computed the expected rates considering the several factors related to the
energy of the various neutrino emissions (cross sections, energy resolutions, spectral
shape...). By comparing the theoretical expectations with the experimental results,
together with the theoretical and experimental errors, we obtain the y?-analysis reported
in Fig. 5.1. Once again, the allowed regions at 68,27% C.L., 95.45% C.L. and 99.73%
C.L., are depicted in pink, green and blue color respectively.

The global analysis of the radiochemical results does not exclude any of the MSW
oscillation solutions: LMA, LOW and SMA are allowed at least at 20. In particular,
the SMA and the LMA oscillation solutions are allowed at 1o and the best fit (£1o,
Ax? = 1) of this branch of the solar analysis lies in the LMA sector:

Am3, = 21150 x 107°eV?,  tan®612 = 0.3170 5% .

The radiochemical experiments alone do not prefer any particular 613 value: the
projection of the x? over the sin?f;3 parameter is not significant and therefore we do

not report any upper limit for sin® 6;3.

5.1.2 Analysis of SNO data

In order to study the SNO impact in the selection of the oscillation parameters space, we
chose to follow the same procedure adopted by the SNO collaboration in Ref. [35]. We
analyze the data from the three phases of SNO by including the results on the low energy
threshold analysis of phase I and phase I (SNO-LETA, Ref. [35]), in combination with
the rates from phase III (Ref. [77]).

In Ref. [35], the SNO collaboration performs a fit in which the neutrino signal is
described by six parameters: the ¢(®B) total neutrino flux; the coefficients cg, c1, c2

through which they extract a quadratic expansion of the daytime P, as a function
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5.1 Analysis of solar neutrino data
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Figure 5.2: The analysis of SNO data in the tan2 65 — Am%l space, assuming 613=0.
Allowed regions (d.o.f. = 2) at 68.27% C.L. (pink), 95.45% C.L. (green) and
99.73% C.L. (blue).

of E, around E,, = 10 MeV,; the coefficients ay, a; which define a linear expansion of
the day-night asymmetry around E, = 10 MeV. Thanks to this parametrization, it is
possible to reduce correlations between ¢y (the constant term of the quadratic Pee) and
the higher order terms by expanding all functions around the detected 8B spectrum
peak near 10 MeV.

For what concerns the SNO-LETA (Ref. [35]), we evaluate the theoretical expecta-

tions for the coefficients of the polynomial survival probability and day/night asymme-
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Global analysis of data from neutrino experiments

try. In order to do this, it is necessary to take into account the sensitivity of the SNO
detector (i.e. the energy dependence of the cross sections and the reaction thresholds)
so that the parameterization of the model prediction at each point in the MSW plane
samples the neutrino energy spectrum in the same manner and over the same range as
the data.

For each set of Am%l, tan? 615 and sin® 613 parameters, we then calculate the x? value
by comparing the predicted polynomial parameters (cq, c1, c2, ag, and a;) to the actual
SNO results, taking into account all uncertainties and correlations declared by the SNO
collaboration. The SNO rates from phase III are treated as a separate data-set, with
the same approach used for the radiochemical experiments.

If we perform the global analysis over these data, we can observe (Fig. 5.2) that the
SNO experiment alone rules out the SMA solution while both the LMA and the LOW
solutions are allowed at 1o. The best fit (10, Ax? = 1) belongs to the LOW solution?

and we find:
Am3; = 1.027038 x 1077 eV?,  tan? 12 = 041770000 .

As it was in the radiochemical and Borexino case, the SNO experiment alone does not

prefer any particular 613 value and the y2-projection over sin? 613 is not really significant.

5.1.3 Analysis of Super Kamiokande data

In our global analysis we also include the solar neutrino measurement carried out by
the Super Kamiokande experiment. In particular, we analyze the data coming from SK
phase I and phase III.

Since Super Kamiokande is able to measure ®B and hep neutrinos, we adapt the
procedure we used in computing the Borexino boron expectation and we calculate the
total rate foreseen by the SHP11 standard solar model neutrino fluxes prediction. The
whole analysis chain starts with the survival probabilities computation (PS and P® at
Kamioka latitude) and continues with the 8B and hep total rates evaluation, taking into
account the respective cross sections, energy resolutions and spectral shapes.

Finally, by comparing the theoretical expectations with the experimental results,
together with the theoretical and experimental errors (both statistics and systematics),

we obtain the y2-analysis we report in Fig. 5.3.

2In September 2011, during the 12'* International Conference on Topics in Astroparticle and Un-
derground Physics (TAUP 2011), the SNO collaboration released (Ref. [37]) a combined analysis of all
three phases of solar neutrino data with the SNO detector. From this analysis, it results that the LMA
region is slightly favoured, even if SNO data alone cannot distinguish between the LMA and the LOW
regions. We performed a quick analysis and we verified that the replacement of the old SNO results
with their newest does not modify any of our global analysis conclusions.
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5.1 Analysis of solar neutrino data

As it was in the SNO case, Super Kamiokande alone disfavours the SMA region while
allows, at least at 20, the LMA and LOW solutions. The best fit definitely belongs to
the LMA solution and we find:

Am3; = 51730 x 107 V2 tan?615 = 0.556 75001 .

Also Super Kamiokande is not sensitive to 613 variation and its x?(sin?6y3) profile is

not very significant.
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Figure 5.3: The analysis of SK data only in the tan? 615 — Amgl space, assuming 613=0.
Allowed regions (d.o.f. = 2) at 68.27% C.L. (pink), 95.45% C.L. (green) and
99.73% C.L. (blue).

106



Global analysis of data from neutrino experiments

We want to emphasize that our analysis is in good agreement with the result obtained
by the Super Kamiokande collaboration and reported in Ref. [33|, where it is shown
that the energy spectrum and the time variation of the solar neutrino flux measured by
SK favor only the LMA solution at 95% C.L.; it must be said though that this result is
achieved by constraining the 8B neutrino flux to the SNO NC flux and the hep neutrino
flux to the standard solar model prediction. The plot in Fig. 5.3 does not include any
supplementary constraint and, for this reason, shows allowed region in the LOW regime

at 95.45% C.L..

5.1.4 Analysis of all solar neutrino data

After having analyzed the single experiments, we can finally proceed with the actual
solar global analyis.

At this stage of the analysis, x2,,, is a function of the three oscillation parameters
only: Amgl, tan® 015 and sin® ;3. With the same previous strategies, we combine the
results obtained for each experiment, and we build a joint y?-fit through which we are
able to perform a three-flavor oscillation analysis. The tan® ;5 — Am3, allowed regions
are therefore obtained after marginalization of the X25 olar With respect to the undisplayed
parameter sin® ;3.

In Fig. 5.4, we show the tan® 6y — Am%l space of parameters as defined by all the
solar experiment without Borexino. The best fit for the oscillation parameters belong
to the LMA-MSW region and they are:

Am3, =547 x 1077 eV?,  tan? 61 = 04797505, and  sin® 613 = 0.01170939

with a minimum x?2_,,./ndf ratio of 94.2/89. For the sake of illustration, we extrapolated
the lower 1o bound to the unphysical region sin? 63 < 0; details on the fit results can
be found in Tab. A.6 of the Appendix.

From Fig. 5.4 it can be noticed that the solar-without-Borexino data exclude at
more than 30 the SMA-MSW regime while a small portion of the LOW solution is still
allowed at 99.73% C.L..

We define the actual X25 olar 3 the combination of this latter result with the out-
come of the Borexino only global analysis. By combining these two contributions, we
obtain an analysis that takes into account the experimental errors (the systematic and
statistical errors summed in quadrature) and the theoretical errors in the total count
rates, including the correlation of the “Be and ®B theoretical fluxes. It also includes the
bin-to-bin correlations in the uncertainties in the predicted 8B neutrino recoil spectrum

resulting from the uncertainties in the predicted neutrino spectrum, and from energy
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Figure 5.4: The global analysis of the solar neutrino data without the Borexino con-
tribution, in the tan? 619 — Am%l space, after marginalization over sin2 6;3.
Allowed regions (d.o.f. = 3) at 68.27% C.L. (pink), 95.45% C.L. (green) and
99.73% C.L. (blue).

threshold uncertainties and energy resolution in the experiments.
In Fig. 5.5, we show the n-o allowed regions, in the same convention as before.

The LMA region is only slightly modified and the new best fit point is:
Am; = 54777 x 107°eV?,  tan?61p = 046875031, and  sin®6;3 = 0.01170530 .

with a minimum x?2 ;. /ndf ratio of 94.6/98. For the sake of illustration, we extrapolated

the lower 1o bound to the unphysical region sin? ;3 < 0.
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Figure 5.5: The global analysis of all the available solar data, in the

tan2 019 — Am%l space, after marginalization over sin? 013. Allowed
regions (d.o.f. = 3) at 68.27% C.L. (pink), 95.45% C.L. (green) and 99.73%
C.L. (blue).

An essential difference is that now the LOW region is strongly excluded at Ax? >
190. Therefore, after the inclusion of the Borexino day-night data, solar neutrino data
alone can single out the LMA solution with very high confidence (see Fig. 5.6), without
the inclusion of anti-neutrino data that is without relying on CPT symmetry.

The origin of this powerful result is mainly due to the precise Borexino day-night
asymmetry measurement (Ref. [2]). In fact, the measured asymmetry alone, in agree-
ment with the prediction of MSW-LMA neutrino oscillations, disfavours at more than
8.5 MSW oscillations with mixing parameters in the LOW region.

Finally, it is worth to notice that even if single solar neutrino experiments do not

have significant sensitivity to sin? #;3 variation, this is not the case of the combination
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Figure 5.6: Comparison of the y2-profile for Am%lobtained by the global analysis of all
available solar data without and with the Borexino contribution, marginal-
ized over tan? 612 and sin? 63.

of all solar neutrino experiments together (Fig. 5.7). In fact, for increasing values
of A3 a slight tension arises among different data-sets and, in particular, between the
SNO and radiochemical data. These two experiments, probing respectively the high and
low energy part of the solar neutrino spectrum, exhibit different correlation properties
between the two mixing parameters 612 and 613: for increasing values of 613, the SNO
and gallium experiments tend to prefer higher and lower values of tan? #19, respectively,
worsening the good agreement currently reached at 613 ~ 0. Therefore, a "collective"
effect of different experiments is responsible for the solar neutrino constraints on sin? 63
(Ref. [84]).
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Figure 5.7: x2-profile for sin® f13, obtained by the global analysis of all available solar
data. The dashed line indicates the 1o [x?(sin? 013) = 1] level.
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5.2 Analysis of KamLAND anti-neutrino data

The KamLAND experiment mainly analyzes the anti-neutrinos from reactors. In study-
ing the KamLAND impact in the neutrino oscillation scenario, we follow the procedure
adopted by the KamLAND collaboration in Ref. [38]. We analyze the data-set which
includes data acquired following a radiopurity upgrade, and amounts to a total exposure
of 3.49 x 103? target-proton-year. In order to compare KamLAND results with those

we have seen so far, we assume the CPT invariance.

Reference [38] reports a parametric expression of the survival probability as well as
the observed values, with the relative uncertainties (statistical and background estimates

only, uncorrelated). Hence, we can directly perform the x2-fit.

Figure 5.9 shows the n-o allowed regions by the KamLAND results only: assuming
CPT invariance, the LMA results is singled out at more than 99.73% C.L.. Figure 5.8
shows the x2(sin? @3 ) profile of the global analysis of KamLAND only data. It can be
noticed that even if there is a well-defined minimum in sin® 15 = 0.029, the sin® 613 = 0

value is within the 1o acceptance window. The best fit obtained after marginalizing

O.O:HH\HH\‘ /
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

sin%0 13

Figure 5.8: y2-profile for sin? 013, obtained by the global analysis of KamLAND data.
The red solid part is the actual result of our analysis while the red dashed
line is an analytic extrapolation. The black dashed line indicates the lo
[x%(sin? 013) = 1] level.

over the three oscillation parameters is:
Am3; = 7.501020 x 1077 eV?,  tan? 1o = 0.4371000 and  sin® 613 = 0.02910037

with a minimum y%.; /ndf ratio of 1.8/3. Again, for the sake of illustration, we extrap-

olated the lower 1o bound to the unphysical region sin® 6,3 < 0.
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Figure 5.9: The analysis of KamLAND reactor data, in the tan? 612 — Am%l space, after
marginalization over sin 613. Allowed regions (d.o.f. = 3) at 68.27% C.L.
(pink), 95.45% C.L. (green) and 99.73% C.L. (blue).

It is also interesting to compare the behaviour of solar experiments and KamLAND
in the tan? 615 — Am3; space of parameters, for different sin 015 values. It is well
known that solar data are mostly sensitive to the precise value of CC/NC event as
determined by Super Kamiokande and SNO and provide a strong constraint on the
tan? 612 parameter; on the other hand, KamLAND defines Am3;to be in the LMA
range. Looking at the plots in Fig. 5.10, we can see that while the results show a
constant agreement in Am%l, there appears to be a mismatch in the favored value of
tan® 619 as determined from KamLAND compared to the one from solar neutrinos.

As it was pointed out in Ref. [85, 79| and widely discussed in the literature, this
tension can be accomodated by a non-zero value of 613. This happens because the solar
component can be fitted with a higher value of tan? f;5 provided that a non-zero 63 is
included and, conversely, the KamLAND spectrum can be well fitted with a smaller

value of tan® fyo; therefore the best fit values for solar and KamLAND analysis agree
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Figure 5.10: The analysis of solar (brown scale) vs KamLAND reactor (red scale) data,
in the tan2 615 — Am%l space, assuming sin? 613 = 0 (top, left), sin® f13 =
0.015 (top, right), sin?@13 = 0.025 (bottom, left) and sin?#6;3 = 0.045
(bottom, right). Allowed regions (d.o.f. = 2) at 68.27% C.L., 95.45% C.L.
and 99.73% C.L. are pictured in growing lighter scale.
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better for 613 # 0. This behavior, the famous hint of 613 > 0, is clearly visible in the
the four panels of Fig. 5.10 where the global analysis of the solar data (brown scale)
and the KamLAND reactor data (red scale) are plotted at different sin? 63 values:
sin? @13 = 0 (top, left), sin?6f13 = 0.015 (top, right), sin?#13 = 0.025 (bottom, left)
and sin? 613 = 0.045 (bottom, right). Allowed regions at 68.27% C.L., 95.45% C.L. and
99.73% C.L. are pictured in growing lighter scale.

5.3 Joint analysis of solar and KamLAND data

After having analyzed both the KamLAND and the single solar experiments, the next
logical step is the combined analysis of the solar plus KamLAND data-set.

We accomplish this study by directly summing (there are no correlations between

the solar and KamLAND sets of data) the two x2-outcomes:

2 2 2 2 s 2 2 2 2 c 2
X solar+KL = Xsolar(AmQD tan 9127 S 613) + XKL(Alev tan 0127 S 013)

If we consider the solar without the Borexino data-set, the best fit point for the

oscillation parameters lies in the LMA region and results to be:
Am3; = 7507038 x 1077 eV?,  tan? 012 = 04627003 and sin? 613 = 0.02370 015 .

with a minimum x2 . . ;- /ndf ratio of 97.4/95.

As we expect, once included the Borexino results, the situation does not change
significantly: the best fit point still belongs to the LMA regime and it is only slightly

modified in the tan® 65 sector.
Am3; = 7507038 x 1077 eV?,  tan? 012 = 04577003 and  sin? 613 = 0.02370 018 -

The minimum x2,,,, x,/ndf ratio is 97.8/104.

The plot in Fig. 5.11 reports the allowed regions by the all solar (Borexino included)
plus KamLAND global analysis. These results are in perfect agreement with those
obtained from different global analysis (e.g. Ref. [38, 35]).

For what concerns 613, as we could observe in Fig. 5.10, the apparently mismatch
between the solar and KamLAND allowed regions can be accomodated by assuming
f13 # 0. Indeed, the x2-fit prefers a non-zero ;3 solution the combination of the solar
and KamLAND results actually states sin? 613 > 0 at more than 1o (Fig. 5.12).
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Figure 5.11: The analysis of the joint solar (Borexino included) and KamLAND data-
set, in the tan? 619 — Am%l space, after marginalization over sin? 6;3. Al-
lowed regions (d.o.f. = 2) at 68.27% C.L. (pink), 95.45% C.L. (green) and
99.73% C.L. (blue).
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Figure 5.12: y2-profile for sin® #;3, obtained by the joint analysis of solar and KamLAND
data. The black dashed line indicates the 1o [x?(sin?013) = 1] level.
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Figure 5.13: y2-profile for sin? f13, obtained by the analysis of the atmospheric, reactor
(CHOOZ) and accelerator (MINOS, LBL) data in Ref. [78]. The black
dashed lines indicate the 1o [x2(sin?#613) = 1], 20 [x2(sin? f13) = 4] and
30 [x%(sin? 613) = 9] levels.

5.4 Terrestrial neutrino sources contribution

The contribution from atmospheric (SK I+II+1I1II), reactor (CHOOZ experiment only),
and accelerator experiments (MINOS + LBL), the so-called terrestrial contribution, is

the last result we want to include in our global analysis of neutrino data.

This piece of information is directly taken from Ref. [78] and consists in a function
X2orrestriar(013) Tesulting from the analysis over the data set above mentioned.
In their paper, Gonzalez-Garcia, Maltoni and Salvado states that the 1o range for
sin?#13 as determined from the joint analysis of atmospheric, CHOOZ, MINOS and
LBL data is:
sin? 13 = 0.006 75002,

where the lower 1o bound to the unphysical region sin? 613 < 0 is also indicated.
For this analysis, it is X2, ,....iq/0Af ratio of 64.7/80 3. Figure 5.13 shows the X%, . iar-
profile for sin? 613 and the 68.27% C.L., 95.45% C.L., and 99.73% C.L..

3M. Maltoni, private communication (2011)
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5.5 Global analysis of neutrino data

The results of our global analysis of solar and KamLAND plus the terrestrial con-
tribution are summarized in Fig. 5.14, where we show the allowed regions of the
tan? 612 — Am32; space of parameters. Those regions correspond to the analysis done
in the framework of the SHP11 Standard Solar Model and are obtained after marginal-

ization of ngl obal With respect to the undisplayed parameter sin? 6;3.

— - ]
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L () 95.45% C.L. 1
@ 99.73% C.L.
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tan“d o
Figure 5.14: The global analysis of solar (Borexino included), KamLAND and
terrestrial (atmospheric, CHOOZ, MINOS, LBL) data-set in the
tan? 612 —Am%l space, after marginalization over sin® ;3. Allowed re-

gions (d.o.f. = 3) at 68.27% C.L. (pink), 95.45% C.L. (green) and 99.73%
C.L. (blue).

Since in Eq. 5.1 we define:

2 — 2 2 2
X'global = X'solar 1 XKL T Xterrestrial »

we sum the results of the two partial x?-analysis (solar+KL and terrestrial), we compute
the absolute minimum and we marginalized over the oscillation parameters in order to

obtain the usual tan? f12 — Am3; plot and the uncertainties of each parameter.
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Figure 5.15: x2-profile for sin? A3, obtained by the global analysis of neutrino data. The
black dashed lines indicate the 1o [ x2(sin? 613) = 1], 20 [ x?(sin? 613) = 4]
and 30 [x?(sin? 013) = 9] levels.

Figure 5.14 shows the allowed regions in the tan? ;2 — Am%, space of parameters
while Fig. 5.15 shows the sin?f;3-profile from the X%;l obat analysis. From this latter plot,
it is clear that the combination of all the data coming from neutrino and anti-neutrino
experiment prefers a 613 # 0 value within 1o.

Hence, if one considers a global analysis of neutrino data coming from the solar, re-
actors, and accelerators experiments, the best-fit for the neutrino oscillation parameters

belongs to the LMA region and, within the 1o bound, it is:

Am3; = 7507037 x 1077 eV?,  tan? 01 = 04577003 and  sin? 613 = 0.01370901 .

The final minimum X%}l obay/1df Tatio is 163.2/184. These values are in very good agree-

ment with other global analysis performed by different groups (Ref. [38, 78|).

5.6 The free-fluxes analysis

All the analysis described so far were performed under the assumption that the ex-
pected neutrino fluxes were the ones predicted by the high-metallicity hypothesis of
the SHP11 standard solar model (Tab. 1.2), including their estimated (and correlated)

uncertainties.
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The so-called solar metallicity controversy was introduced in Sec. 1.3.3 as a debate
arisen because some calculations (Ref. [17, 16]) show a new (lower) metallicity values
in the sun and in its core. It follows that modified input abundances might cause a
significant change in the prediction of the neutrino fluxes which would be more or less
relevant depending on the particular source.

The best way to approach the study of the Standard Solar Model parameters and to
look deeper into the low/high metallicity controversy is to analyze the data by leaving
®("Be), ®(®B) and ®(CNO) as free parameters of the fit.

In order to do so, we follow the usual convention and we define the reduced fluxes
(or astrophysical factors) by the parameters fge, fB and fono, where f; is the ratio of
the true flux to the flux predicted by the SHP11 model (Ref. [18]). Thus, in beriullium

and boron case, the reduced fluxes are:

®("Be) o(°B)
o and fB = FT/8R) ...
(I)( Be)SHP11 ‘I)( B)SHPH

fBe = (5.2)
Similarly, we define the reduced '*N, 150 and '"F neutrino fluxes via a common param-
eter fono. According to Ref. [86], different limiting cases in the relative weights of the

13N, 150 and '"F should not affect the accuracy of our results; thus we take:
@(150) ‘13(13N) (I)(17F)

feno O(150)spp1r P(BN)supir P(YF)supin (53)

SOLAR NEUTRINO FLUXES - SHP11

v Flux High Metallicity Low Metallicity Difference %

"Be 5.00(1 £ 0.07) 4.56(1 £ 0.07) 8.8
’B 5.58(1 £ 0.14) 4.59(1 £ 0.14) 17.7
BN 2.96(1 +0.14) 2.17(1 £0.14) 26.7
150 2.23(140.15)  1.56(1 +0.15) 30.0
g 5.52(1 £ 0.17) 3.40(1 £0.16) 38.4

Table 5.2: Extract of Tab. 1.2. Some of the neutrino fluxes as predicted by the SHP11
Solar model (Ref. [18]) having as input the GS98 high metallicity solution
(Ref. [15]) and the AGSS09 low metallicity solution (Ref. [17]). The percent-
age difference among the two predictions is indicated. The fluxes are given in
units of 10°("Be), 108(*3N, 150), and 106(®B, "F) cm~2 s~!. Asymmetric
uncertainties have been averaged.
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Table 5.2 reports the fluxes of "Be, ®B and CNO neutrinos as predicted by the
SHP11 Solar model, having as input the GS98 high metallicity solution (Ref. [15]) and
the AGSS09 low metallicity solution (Ref. [17]). The complete list of SHP11 solar
neutrino fluxes can be found in Tab. 1.2.

Another key step in our analysis is to include the luminosity constraint (Ref. [87, 88]),
which implements the conservation of energy during the fusion of light elements in the
sun. Each neutrino flux is associated with a specific amount of energy released to
the star and therefore a particular linear combination of the solar neutrino fluxes is

proportional to the solar luminosity. One can write the luminosity constraint as:

Lo
(AU = zi:ai D, (5.4)

where Lg is the solar luminosity measured at the earth’s surface, 1 A.U. is the average
earth-sun distance, and the coefficient «; is the amount of energy provided to the star
by nuclear fusion reactions associated with each of the solar neutrino fluxes, ®;. The
coefficients «; are accurately calculated in Ref. [87].

If the standard solar model describes with a relatively good approximation the actual
solar properties, then the luminosity constraint can be conveniently written in two
dimensionless forms (Ref. [66]).

The strongform uses both fge and fcno and it is:

fpp = 1.09 = 0.08 fge — 0.01 feno - (5.5)

The weak form concerns only fpe and it is defined as:
Jop = 1.08 — 0.08 fge - (5.6)

Our main goals are to give a quantitative estimation of the fpe, fB, fono parameters
and to study the impact of the Borexino results in determining these parameters. All

the analysis, reported in the next paragraphs, were carried out assuming #13= 0.

5.6.1 Berillium and boron fluxes as free parameters

Taking into account all the definitions given so far, we can easily evaluate the expectation
of fge and fp values in case of high or low metallicity hypothesis.

If one assumes the high-metallicity hypothesis (Ref. [15, 18]), then the theoretical
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berillium and boron reduced fluxes have central values equal to 1 by construction, and

errors estimated as:
fBe=1.0040.07 and fg=1.00+0.14. (5.7)

Instead, in case of low-metallicity hypothesis (Ref. [17, 16, 18]), the theoretical fluxes
are:
fpe=0.9140.06 and fg=0.82+0.11. (5.8)

We now discuss how these expectations compare with the experimental data. In this

branch of the analysis, we compute a new X% olar Which is now defined as:
2 2 2 2 .2
X'solar — XSolar(AmQD tan 9127 S 9137 fB67 fB)
In particular, we let fg and fg free to vary between

0.5< fpe < 1.6 and 0.71< fg < 1.14,

while we fix the remaining neutrino fluxes to the values predicted by the high metallicity
version of the SHP11 model. We impose the weak form of the luminosity constaint (Eq.
5.6), we computed the X25 olar 111 the usual way and we obtain the final x? by summing
the KamLAND contribution (in case of sin 63 = 0).

When the fit is performed on the KamLAND and solar-without-Borexino data-set,
the constraint on berillium is very weak and the best value for fg. and fg are found to
be:

fBe = 0765537 and  fp = 0.90%003 .

This is due to the fact that "Be flux is very poorly constrained by any solar experiment

other than Borexino.

Once Borexino is included with its current measurements, the situation changes

dramatically and the best fit values for fg. and fg result:
fe = 0.9570 0% —  ®p, = (4.757539) x 107 vem 2571,

f5=090"00  —  ®p=(5.02"017) x 106 vem 257!,

The effect of Borexino in the determination of fg, can be clearly seen in Fig. 5.16 where
the allowed region for fp, and fg are shown for the fit performed without (left panel)

and with (right panel) the Borexino results.

For what concerns fp, the best fit value obtained with the two data-sets does not
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Figure 5.16: The global analysis of solar (without Borexino, on the left; Borexino in-
cluded, on the right) and KamLAND results in the fpe-fp space, after
marginalizing over Am%l and tan2 012, in the 13=0 case. Allowed regions
at 68.27% C.L. (light pink), 95.45% C.L. (light green) and 99.73% C.L.
(light blue).

change significantly since the ®B flux is mainly determined by the results of the SNO

and Super Kamiokande experiments.

The best fit for the oscillation parameters Am%l and tan? 05 are found to be:
Am3; = 7507038 x 107 V2, tan® 615 = 0.45210029,

fully compatible with those obtained in Sec. 5.5 by fixing all the fluxes to the SHP11
Standard Solar Model predictions.

It is interesting to compare the result of the global analyis on solar (Borexino in-

cluded) plus KamLAND results, with the theoretical expectations for fp. and fg.

From Fig. 5.17 it is clear that solar neutrino data cannot discriminate between the
low or high metallicity hypothesis in the solar model: both the 1o theoretical range of
low and high metallicity models lies in the 30 allowed region by the current solar plus
KamLAND data.

At present, no experimental results could help in disentangling between the two
metallicity scenarios: the theoretical error on "Be and 8B is as large as their experimental
precision. An improvement in the determination of the different solar parameters in

needed.
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Figure 5.17: The 1o theoretical range of high (red) and low (blue) metallicity model for
fBe and fp,compared to the 1o (light pink), 20 (light green) and 3o (light
blue) allowed regions by the global analysis of solar (Borexino included)
and KamLAND results. The theoretical correlation factors are taken from
Ref. [57].

5.6.2 CNO fluxes as free parameters

The CNO neutrino fluxes are poorly constrained by radiochemical, SNO and Super
Kamiokande experiments. It is therefore interesting to study the impact of the Borexino
results, especially the "Be result, in determining fono.

To this aim, as in the berillium-boron case, we build a new X2s olars Characterized by
6 free parameters: Am%l, tan? 612, sin®613, fee, fB, and fono -

In particular, we let fge, fg and fono free to vary between
0.5< fRe <16, 0.71< fp<114 and 0< focno <6,

and we impose the strong form of the luminosity constraint as in Eq. 5.5. Then the
final x? is computed in the usual way by summing the KamLAND contribution (again,
assuming 613=0).

After marginalizing over Am3,, tan? 612 and fg, we obtain the n-o allowed regions in
case of solar-without-Borexino plus KamLAND (Fig. 5.18, left panel) and solar-with-
Borexino plus KamLAND (Fig. 5.18, right panel).

From Fig. 5.18 and Fig. 5.19 it is clear that the Borexino results are fundamental in

constraining fono. The global fit however, does not give a significant hint for nonzero
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Figure 5.18: The global analysis of solar (without Borexino, on the left; Borexino in-
cluded, on the right) and KamLAND results in the fge-fono space, after
marginalizing over Am%l, tan® f12 and fg, in the #13=0 case. Allowed
regions at 68.27% C.L. (light pink), 95.45% C.L. (light green) and 99.73%
C.L. (light blue).
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Figure 5.19: fcno x2-profile obtained by the global analysis of solar (with/without
Borexino) plus KamLAND data. The green line shows the Borexino ex-
cluded case; the red line shows the Borexino included case. The black
dashed lines indicate the 1o [x?(fono) = 1], 20 [x%(fono) = 4] and 30
[x%(fono) = 9] levels.
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CNO neutrinos flux value, remaining the best fit foxno = 0. The following upper limits
at 68.27% C.L. (95% C.L.) can be derived for fcno.
If one considers the solar-without-Borexino plus KamLAND data-set, then the upper
bound is:
fono < 3.04 (< 5.17) .

Instead, if Borexino is included, the upper bound is strengthened to:
fono <0.96 (<£248) —  ®cono < 1.3x 107 vem 257! at 95% C.L..

Figure 5.19 shows the fono x2-profile we obtained after marginalizing over fgo: the
green line refers to the solar (Borexino excluded) plus KamLAND data-set while the
red line indicate the fono behaviour, as determined by the solar (Borexino included)
plus KamLAND global analysis. Up-to-now, this is the strongest available constraint
on feno-

Finally, it is interesting to evaluate the impact of the Borexino in determining f,,
and therefore the pp solar neutrino flux.

Using the strong form of the luminosity constraint (Eq. 5.5), we express fono as a

function of f,, and fge:

fono = (1.09 — fip — 0.08 f5c)/0.01 . (5.9)

In this way, CNO is free to vary within the limit imposed by the luminosity constraint.
If Borexino is excluded, then the combination of the other neutrino experiments
foresees:
fop = 1.019%0015 -

Once we include the Borexino contribution, we find:
fop = 10137000 — &, = (6.067002) x 10" vem 257!,

It is worth to notice that both the precision of the pp flux determination and the
constraint on the CNO flux are improved approximately a factor of 2 by the inclusion

of the Borexino results.
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Conclusion

The main purpose of the work I presented in this thesis was to analyze and understand
the implications of the Borexino results in neutrino oscillation physics and solar interior

astrophysics.

My personal contribution consisted in reviewing, improving and developing a code
that the Borexino collaboration can now use to evaluate the actual impact of its mea-

surements in the global analysis of neutrino data.

The results I obtained were included in two very recent Borexino publications: the
analysis of the astrophysical factors fge and fono (Sec. 5.6) was part of the paper
“ Precision measurement of the “Be solar neutrino interaction rate in Borexino,” pub-
lished on Physical Review Letters (Ref. [1]); the inclusion of the Borexino day-night
asymmetry in the solar analysis and its impact in ruling out the LOW-MSW regime
(Sec. 5.1.4), were inserted in the paper “Absence of a day-night asymmetry in the "Be

solar neutrino rate in Borexino,” published on Physics Letters B (Ref. [2]).

In this dissertation, we first studied the impact of each single piece of information com-
ing from the Borexino experiment in determining the allowed regions of the (tan? 6,
Am3,) space of parameters. We performed a y2-based global analysis by combining
the "Be neutrino flux measurement, the 8B neutrino flux above 3 MeV signal and its
relative spectral shape, the null day-night asymmetry of the “Be rate and also the very

recent pep neutrino flux measurement.

We also combined the Borexino results with those obtained by the other solar exper-
iment (GALLEX/GNO, SAGE, Homestake, Super Kamiokande, SNO) and we showed
that, thanks to the Borexino inclusion, the LOW region of MSW regime is, for the first
time, strongly disfavored by solar neutrino data alone. The LMA solution is singled
out with very high confidence (at more than 8.50), without the inclusion of any anti-
neutrino data and therefore without invoking CPT symmetry. We then added to the
analysis also the reactor (KamLAND) contribution and the information on 6,3 com-

ing from the atmospheric (Super Kamiokande), reactor (CHOOZ) and LBL accelerator

127



experiments. Our best fit (£10) for the oscillation parameters resulted to be:
Am3; = 7.501037 x 1077 eV?,  tan?f1p = 0.457 (a3, and  sin® 613 = 0.01370017.

For what regards solar astrophysics, trying to disentangle the so-called “solar metal-
licity controversy”, we analyzed the data by leaving ®("Be), ®(®B) and ®(CNO) as free
parameters of the fit. Again, the analysis was performed on the solar-without-Borexino
and solar-with-Borexino data set.

By imposing the luminosity constraint, we evaluated the theoretical expectations
for the reduced fluxes fge and fg in both the high-metallicity and the low-metallicity
hypothesis and we then compared with the experimental data preferences. The final
result is that, at present, solar neutrino data cannot discriminate between low or high
metallicity hypothesis in the solar model: both the 1o theoretical range of low and high
metallicity models lies in the 3o allowed region by the current neutrino data.

We were able to set an upper limit (at 95% C.L.) for fcno that is for the CNO
neutrinos flux and up-to-now, this is the strongest available constraint. We also de-
termined the best fit value for fy, i.e. we evaluate the pp solar neutrino flux. Both
the precision of the pp flux determination and the constraint on the CNO flux were

improved approximately a factor 2 by the inclusion of the Borexino results.
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Appendix A

Results of global analyses

In this appendix we summarize the results of the several analyses that we performed on
different neutrino data sets, and we show explicit results for 613 # 0. We report either
the best fit value together with its +1¢ bounds or, the +1c upper limit.

Table A.1, Tab. A.2, Tab. A.3 and Tab. A.4 describe the results obtained with
different values of 613 by the Borexino, radiochemical, SNO and Super Kamiokande
experiments respectively.

The analysis on KamLAND data alone (partial results in Tab. A.5) identifies the
following best fit points:

Am3, = 7507020 x 1077 V2, tan®@1p = 0447000, and  sin® 613 < 0.034.

Partial results of the solar analyses are reported in Tab. A.6 and Tab. A.7. For
what concerns the solar-with-Borexino analysis, the best fit points for the oscillation
parameters belong to the LMA-MSW region:

Am; = 54717 x 107 eV?  tan?61p = 046875531, and  sin® 63 < 0.030.

The solar plus KamLAND analysis (see Tab. A.8) identifies as best fit points for the

oscillation parameters:
Am3; = 750703 x 107°eV?,  tan® 012 = 04577003 and  sin? 613 = 0.02370 018 .

Finally, the global analysis definitely prefers the LMA-MSW oscillation solution and

indicates as best fit for the oscillation parameters:

Amd, = 750703 x 107 V2, tan®01p = 0.45775 05 and  sin? 613 = 0.01370519.
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THE BOREXINO EXPERIMENT

sin? 613 tan? 6y Am3; (x10-%ev?) X2 (ndf=7)

0.000  4.473%8 0.46 7013 0.358
0.001  4.4%355 0.467015 0.359
0.003  4.47358 0.467018 0.362
0.005  4.41362 0.46 7017 0.367
0.007  5.673% 0.447012 0.363
0.009  5.673%3 0.447018 0.358
0.011  5.6%35%5 0.447018 0.354
0.013  6.17351 0.447017 0.351
0.015  6.11;%° 0.43%014 0.347
0.017  6.17%° 0.43%018 0.345
0.019 6.871%° 0.437013 0.344
0.021 6.871%2 0.437017 0.340
0.023 6.87153 0.427017 0.338
0.025 7.07152 0.427017 0.336
0.027  7.47150 0.427017 0.335
0.029 7.7+48 0.41+917 0.332
0.031 7.7H140 0.417017 0.330
0.033  7.7t15° 0.41%945 0.328
0.035  7.7H5! 0.40%94$ 0.327
0.037 791150 0.40%94$ 0.327
0.039 817150 0.397015 0.326
0.041 88+l43 0.397015 0.324
0.043  8.675%0 0.397015 0.323
0.045 8.9%i44 0.38191¢ 0.322
0.047  8.9%4° 0.387015 0.321
0.049 9.273%4 0.387015 0.319

Table A.1: Results of the analysis of Borexino data alone (Ref. [1, 4, 2, 3]). The tan® 62
and Am%l best fit are indicated with their 1o errors at each 613 value.

134



Results of global analyses

THE RADIOCHEMICAL EXPERIMENTS

sin® 013 tan? 012 Am%l (X105 eV?2) X2 (ndf=0)

0.000  2.1%5% 0.3110:5% 0.00015
0.001 2.2 0.3115:5% 0.00004
0.003 21793 0.3170:08 0.00003
0.005 22795 0.3170:04 0.00039
0.007 24758 0.3270:08 0.00006
0.009 24757 0.3210 05 0.00000
0.011 25738 0.3215-82 0.00016
0.013  2.6759 0.321049 0.00043
0.015  2.87¢9 0.3215:02 0.00031
0017  2.97%1 0.3270:59 0.00012
0.019  3.0762 0.327:08 0.00014
0.021  3.2792 0.321008 0.00002
0.023  3.4753 0.327009 0.00007
0.025  3.5757 0.3210:08 0.00014
0.027  3.7753 0.327009 0.00030
0.029  4.075% 0.327008 0.00009
0.031  4.1%5¢ 0.3215:07 0.00071
0.033  4.3759 0.327009 0.00016
0.035  4.6759 0.3270:08 0.00002
0.037 48738 0.3170:08 0.00079
0.039  5.175¢ 0.3115:0% 0.00004
0.041 52157 0.3110:08 0.00041
0.043 55722 0.3170:08 0.00003
0.045  5.67273 0.3170:08 0.00009
0.047  5.6727 0.3270:08 0.00000
0.049  6.3738 0.3015-08 0.00011

Table A.2: Results of the analysis of radiochemical data alone (Ref. [25, 30, 29]).
The tan2 015 and Amgl best fit are indicated with their 1o errors at each
013 value.
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THE SNO EXPERIMENT

sin®f15  tanZ? 69 Am%l (x1077eV2) X2 (ndf=4)

0.000  1.02753% 0.41700%% 2.94
0.001  1.027539 0.4170:0%¢ 2.93
0.003  1.027037  0.422700%2 2.91
0.005 1.01753%  0.4227000% 2.89
0.007  1.017937  0.427700%0 2.88
0.009  1.007503% 04277000 2.84
0.011 1007033 0.4271)0%2 2.82
0.013  1.00793%  0.432709%0 2.81
0.015  0.99%0%  0.432705 2.79
0.017  0.99%0%) 0437705 2.77
0.019 098793  0.43775%5) 2.75
0.021  0.98703%  0.44270988 2.73
0.023  0.95703%  0.442170988 2.72
0.025  0.9510%  0.44775059 2.70
0.027 0947010 0.4475057 2.68
0.020 0937013 0.447759%0 2.67
0.031 0937010  0.452759% 2.65
0.033 0927011 0.452750] 2.64
0.035  0.92%071 045710979 2.62
0.037 0915071 04571097 2.61
0.039  0.907013  0.4570977 2.60
0.041 0907071  0.462750%3 2.58
0.043 0.897012  0.462709% 2.57
0.045  0.891513 0.468709% 2.56
0.047  0.88%513 0.46870999 2.55
0.049  0.89%512 0.46870152 2.53

Table A.3: Results of the analysis of SNO data alone (Ref. [35, 77]). The tan? 612 and
Am%l best fit are indicated with their 1o errors at each 613 value.
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Results of global analyses

THE SUPER KAMIOKANDE EXPERIMENT

sin? 63 tan?f12  Am3; (x1075ev2)  x? (ndf=82)
0.000  5.1730 0.55610 001 84.42
0.001 51729 0.56270 0% 84.40
0.003  5.27%8 0.55610992 84.39
0.005 51739 0.5621000¢ 84.39
0.007 51739 0.5691 9000 84.38
0.009  5.17%9 0.56970 00 84.36
0011 52739 0.5750000 84.37
0.013 51739 0.56910-0% 84.37
0.015  5.2739 0.58210-058 84.35
0017  5.27%9 0.58910-072 84.36
0019 51731 0.59600% 84.37
0.021  5.2+31 0.596 005 84.35
0.023 5.273! 0.60370:073 84.36
0.025  5.3732 0.60370-078 84.35
0.027 5.2} 0.6101007 84.35
0.029 54732 0.61010058 84.34
0.031  5.2732 0.617700%% 84.34
0.033  5.27%1 0.624100%% 84.34
0.035  5.1733 0.6317007% 84.34
0.037  5.2133 0.63170 00 84.34
0.039  5.2732 0.6387007% 84.32
0.041  5.2733 0.638T0001 84.33
0.043  5.27%2 0.646 1005 84.32
0.045 51733 0.6537007 84.32
0.047 52733 0.65310-07¢ 84.32
0.049 52133 0.66110:9%8 84.32

Table A.4: Results of the analysis of Super Kamiokande data alone (Ref.
The tan2 015 and Amgl best fit are indicated with their 1o errors at each

013 value.

[31, 33]).
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THE KAMLAND EXPERIMENT

sin®f15  tanZ? 69 Am%l (x1073eV2) X2 (ndf=4)

0.000 7.507030  0.490700% 2.44
0.001 7507030  0.490109% 2.40
0.003 7.507030  0.484700%2 2.32
0.005 7.507030  0.484100%0 2.24
0.007  7.507030  0.4791008¢ 2.17
0.009  7.507030  0.4731008¢ 2.10
0.011  7.507938  0.468700%¢ 2.04
0.013  7.50%520  0.468T00%% 1.99
0.015 7507030  0.4627008% 1.94
0.017  7.50%03) 045770083 1.90
0.019  7.50103  0.4570007 1.87
0.021  7.50%03  0.4521007% 1.84
0.023  7.501030  0.4470007 1.82
0.025  7.507030  0.44270078 1.81
0.027  7.501030  0.44275078 1.80
0.020  7.501030  0.437F500 1.79
0.031  7.50%03)  0.4327007%8 1.79
0.033  7.50%03) 04271007 1.80
0.035  7.50%03)  0.42710070 1.82
0.037  7.507030  0.4227007 1.84
0.039  7.50%03) 04171007 1.86
0.041 750103  0.417H08% 1.90
0.043 75075040 0.41270:087 1.93
0.045  7.5070350  0.40700%8 1.98
0.047  7.507030  0.407T00%8 2.03
0.049  7.507030  0.403T00% 2.08

Table A.5: Results of the analysis of KamLAND data alone (Ref. [38]). The tan® 62
and Am%l best fit are indicated with their 1o errors at each 613 value.
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Results of global analyses

THE SOLAR-WITHOUT-BOREXINO ANALYSIS

sin? 613 tan® 6o Am3; (x10-%ev2) X2 (ndf=90)
0.000  5.2718 0.46810-039 94.29
0.001  5.27}8 0.46870 055 94.27
0.003 53719 0.4687005 94.25
0.005  5.2717 0.47310-033 94.25
0.007 53110 0.47370035 94.25
0.009 53717 0.47910-03= 94.24
0.011 54717 0.47910-035 94.22
0.013 53719 0.48410-032 94.28
0.015 53719 0.4907002) 94.29
0.017 57115 0.484700% 94.31
0.019 53739 0.4957002) 94.37
0.021  5.8%12 0.49010-0% 94.40
0.023 5.5 0.48410037 94.48
0.025  5.4%% 0.49010-043 94.55
0.027 5.7 0.49019-937 94.62
0.029 5.8712 0.49070 050 94.68
0031 573 0.49510 035 94.77
0.033  5.57%2 0.501190%% 94.86
0.035  5.8%%9 0.501%9 039 94.97
0.037 59778 0.50170:035 95.09
0.039  5.8%%1 0.5071 001 95.16
0.041 5.9 0.50710:0%2 95.29
0.043 57723 0.51970:043 95.45
0.045  6.07%2 0.51310:0% 95.57
0.047  5.9732 0.51910-99 95.70
0.049  5.93% 0.5311003% 95.89

Table A.6: Results of the analysis of the solar-without-Borexino data set. The tan? 612
and Am%l best fit are indicated with their 1o errors at each 613 value.
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THE SOLAR-WITH-BOREXINO ANALYSIS

sin? 613 tan®6qo Am3; (x10-%ev?) X2 (ndf=99)

0.000  5.2718 0.46810-038 94.68
0.001  5.2718 0.46810-029 94.66
0.003  5.3718 0.46810-032 94.68
0.005  5.471% 0.46810-035 94.65
0.007 54717 0.47310-032 94.66
0.009 5.5 0.47310-03¢ 94.65
0.011  5.47}7 0.46810-031 94.64
0.013 54718 0.46810-932 94.73
0.015 54719 0.47370-033 94.78
0017 56717 0.4730054 94.80
0.019 54739 0.47970-0%8 94.87
0.021 58 0.49010-0%2 94.95
0.023 5.6 0.48410 0% 95.03
0.025 5.8%18 0.4847003% 95.12
0.027 5739 0.4901004 95.24
0.029 5.8 0.49010-04% 95.32
0.031 59729 0.49010048 95.47
0.033 5.9 0.49510-012 95.61
0.035 6.0 0.49510-045 95.76
0.037  5.9%3 0.50110053 95.92
0.039  6.07%3 0.50175 04 96.08
0.041  6.0723 0.50770-020 96.25
0.043  6.4732 0.50110032 96.46
0.045  6.173¢ 0.51310:932 96.66
0.047  6.473% 0.5071003% 96.86
0.049  6.4739 0.51970: 064 97.14

Table A.7: Results of the analysis of the solar-with-Borexino data set. The tan® 612 and
Am%l best fit are indicated with their 1o errors at each 613 value.
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Results of global analyses

THE SOLAR plus KAMLAND ANALYSIS

sin® 013 tan? 012 Am%l (x1075 eV?2) X2 (ndf=105)

0.000 7.50%03% 04577005 99.48
0.001  7.501035  0.457700%% 99.28
0.003  7.50103%  0.45770030 99.08
0.005  7.50103%  0.44775032 98.80
0.007  7.501038  0.45270057 98.56
0.009  7.50103%  0.45770030 98.29
0.011  7.507935  0.45770:05 98.17
0.013 7501037 0.457H0052 98.01
0.015  7.50%037  0.46210050 97.93
0.017 7501037 0.45210032 97.87
0.019  7.507037  0.457700% 97.83
0.021  7.507057  0.45770038 97.79
0.023  7.50153% 0.45710-03% 97.78
0.025 7.501535  0.462700% 97.88
0.027  7.50153%  0.46870 05 97.96
0.029  7.50153%  0.468T0032 98.08
0.031  7.50153% 0.45710-9%% 98.26
0.033  7.50153% 0.46210-039 98.41
0.035  7.50153% 0.46210-071 98.60
0.037  7.50%52%  0.468T0033 98.82
0.039  7.50%930  0.468700a3 99.09
0.041  7.50%530  0.473750%% 99.42
0.043  7.50%930  0.47375053 99.73
0.045 7.50%93)  0.46275050 100.12
0.047  7.50%930  0.46815031 100.47
0.049  7.507015  0.479700% 100.96

Table A.8: Results of the analysis of the solar-with-Borexino plus KamLAND data set.
The tan2 015 and Amgl best fit are indicated with their 1o errors at each
013 value.
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