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Abstract

Thirty years ago, the �rst solar neutrino detector proved fusion reactions power the Sun.

However, the total rate detected in this and all subsequent solar neutrino experiments is

consistently two to three times lower than predicted by the Standard Solar Model. Current

experiments seek to explain this \solar neutrino puzzle" through non-standard particle

properties, like neutrino mass and 
avor mixing, within the context of the MSW theory.

The detection of the monoenergetic 7Be solar neutrino is the missing clue for the solution of

the solar neutrino problem; this constitutes the main physics goal of Borexino, a real-time,

high-statistics solar neutrino detector located under the Gran Sasso mountain, in Italy.

In the �rst part of this thesis, I present a Monte Carlo study of the expected performance

of Borexino, with simulations of the neutrino rate, the external 
 background and the �=�=


activity in the scintillator. The Standard Solar Model predicts a solar neutrino rate of

about 60 events/day in Borexino in the 0.25-0.8 MeV window, mostly due to 7Be neutrinos.

Given the design scintillator radiopurity levels (10�16g/g 238U and 232Th and 10�14g/g K),

Borexino will detect such a rate with a � 2:4% statistical error, after one year. In the MSW

Small (Large) Angle scenario, the predicted rate of �13 (33) events/day will be detected

with 8% (4%) error. The sensitivity of Borexino to 8B and pp neutrinos and to a Galactic

supernova event is also discussed.

The second part of this dissertation is devoted to the liquid scintillator containment

vessel, an 8.5 m diameter sphere built of bonded panels of 0.125 mm polymer �lm. Through

an extensive materials testing program we have identi�ed an amorphous nylon-6 �lm which

meets all the critical requirements for the success of Borexino. I describe tests of tensile

strength, measurements of 222Rn di�usion through thin nylon �lms and of optical clarity. I

discuss how the materials' radiopurity and mechanical properties a�ect the detector design

and physics potential and present models that, incorporating the measured properties, yield

a containment vessel that will safely operate for the ten-year lifetime of Borexino.
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Chapter 1

Solar Neutrino Physics

\Cosmic Gall"

Neutrinos, they are very small.

They have no charge and have no mass

And do not interact at all.

The earth is just a silly ball

To them, through which they simply pass,

Like dustmaids down a drafty hall

Or photons through a sheet of glass.

They snub the most exquisite gas,

Ignore the most substantial wall,

Cold-shoulder steel and sounding brass,

Insult the stallion in his stall,

And, scorning barriers of class,

In�ltrate you and me! Like tall

And painless guillotines, they fall

Down through our heads into the grass.

At night, they enter at Nepal

And pierce the lover and his lass

From underneath the bed - you call

It wonderful; I call it crass.

(John Updike, 1961)

Once considered a poltergeist in the world of particle physics, the neutrino still represents

one of the most intriguing of nature's particles, yet it is probably the most diÆcult to study.

The 1961 poem by John Updike [1] well summarizes its essence. According to the

Standard Model, the neutrino is a weakly interacting, chargeless and massless lepton, in

three 
avors: the electron neutrino �e, the muon neutrino �� and the tau neutrino �� , each

associated to a charged lepton (e�, �� and �� respectively). The neutrino is also one of the

1



Chapter 1: Solar Neutrino Physics 2

most abundant particles in the Universe: within one single human being, there are some

107 relic neutrinos from the Big Bang, 1014 from the Sun and 103 that are produced by

cosmic rays in the Earth's atmosphere, a circumstance that apparently o�ended Updike.

And yet, because neutrinos only interact weakly, they are so elusive that almost a quarter

of a century passed between the time Pauli \invented" them in 1930 [2], as a last desperate

attempt to save energy conservation in � decay, and the time of their experimental discovery

by Reines and Cowan in 1953 [3].

Half a century later, neutrinos and their mass still represent one of the major riddles

in particle physics. Evidences of a non-zero neutrino mass are appearing in the latest

experimental developments, opening the door to a deeper insight into Grand Uni�cation, but

we still do not know the particle-antiparticle conjugation properties of neutrinos and there

are still many open questions about the role of neutrinos in cosmology and astrophysics.

Several experiments are now exploring the world of neutrinos through the detection of

their 
ux from di�erent sources (atmospheric, reactor generated, solar). In the context of

this work, we will focus on neutrinos of solar origin.

1.1 Solar Neutrinos

1.1.1 The Standard Solar Model

Life on our planet would not be possible without the Sun and the 
ux of energy that has

irradiated the Earth during its whole lifetime. The question of what powers the Sun, �rst

raised in the 19th century, has been the object of studies during the 1920's and the 1930's [4],

but the �rst explanation of the energy production inside the Sun was provided in 1939 by

Hans Bethe [5]. His theory states that the only sources capable of powering the Sun over

its 4.7 billion years lifetime are thermonuclear processes occurring in the Sun's core.

The fundamental process is the fusion of Hydrogen atoms into � particles, with the

associated production of positrons and neutrinos:

4p! � + 2e+ + 2�e + 26:7 MeV: (1.1)
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Table 1.1: The pp cycle, producing most of the thermonuclear energy in the Sun.

Reaction Termination(%)1 Q E�e hq�ei
[MeV] [MeV] [MeV]

p+ p!2 H+ e+ + �e (pp) 99.77 1.442 � 0.420 0.265
or
p+ e� + p!2 H + �e (pep) 0.23 1.442 1.442 1.442

2H+ p!3 He + 
 100 5.494

3He+3He! �+ 2p 84.92 12.860
or
3He+4He! 7Be+
 15,08 1.586

7Be+ e� !7 Li + �e (7Be) 15.07 0.862 (90%) 0.862 0.862
0.383 (10%) 0.383 0.383

7Li + p! 2� 15.07 17.347
or
7Be+p!8B+
 0.01 0.137
8B! 8Be� + e+ + �e (8B) 0.01 17.980 � 15 6.71

or
3He+ p! 4He+e+ + �e (hep) 10�5 19.795 � 18.8 9.27

1 percentage of terminations for the pp chain in which each reaction takes place. The results are averages

over the present Standard Solar Model.
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Table 1.2: The CNO cycle.

Reaction Q E�e hq�ei
[MeV] [MeV] [MeV]

12C+ p!13 N+ 
 1.943
13N!13 C+ e+ + �e (13N) 2.221 � 1:199 0.7067
13C+ p!14 N+ 
 7.551
14N+ p!15 O+ 
 7.297
15O!15 N+ e+ + �e (15O) 2.754 � 1:732 0.9965
15N+ p!12 C+ � 4.966
or
15N+ p!16 O+ 
 12.128

16O + p!17 F+ 
 0.600
17F!17 O + e+ + �e (17F) 2.762 � 1:740 0.9994
17O + p!14 N+ �

While most of the released energy is carried by photons, 3% of it is emanated in the form

of low energy neutrinos (E� � 18:8MeV).

The study of solar neutrinos presents a great advantage over photons: since neutrinos

are subject to weak interaction only, they are not absorbed during their propagation through

the solar matter. They can carry information from the Sun's core, while the electromagnetic

radiation we receive comes from the most super�cial layers only. The original purpose of

solar neutrino experiments was to provide a probe for stellar evolution theories and for the

solar core physics described by the Standard Solar Model (SSM).

A solar model provides a quantitative description of the present knowledge of the Sun.

It is, in essence, the solution of the evolution equation for the star, based on the fundamen-

tal assumption that the Sun is a star of the Main Sequence, spherical and in hydrostatic

equilibrium between gravity and the radiative pressure produced by the thermonuclear re-

actions at its core. The model uses as boundary conditions the Sun's known characteristics:

mass, radius, total luminosity and age. Other input data are cross sections for nuclear reac-

tions, isotopic abundances and the radiative absorption coeÆcient (opacity). The system of

equations is then solved iteratively until there is agreement (typically of one part out of 105)
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between the model and the observed values of luminosity and solar radius. The model can

thus output the initial values for the mass ratios of hydrogen, helium and heavy elements,

the present radial distribution of mass, temperature, density, pressure and luminosity inside

the sun, the frequency spectrum for acoustic oscillations on the Sun's surface and the solar

neutrino spectrum and 
ux. Several model results have been published by di�erent authors

[6, 7, 8, 9, 10]: for a comparison between the di�erent models, I refer to the paper by Bahcall

and Pinssonneault [6]. They are all essentially in agreement; from here on, when talking of

SSM I will refer to the 1998 model by Bahcall, Basu and Pinsonneault (BP98 SSM [11]).

The Standard Solar Model allows us to deduce the present values of the solar neutrino


uxes. In Bethe's seminal work, two mechanisms were discussed: the so-called proton-

proton or pp reaction cycle, shown in table 1.1, and the carbon-nitrogen-oxygen or CNO

cycle, described in table 1.2. Today, the pp process is thought to be responsible for the

production of more than 98% of the Sun's energy. Both cycles culminate in the fusion

reaction described by eq. 1.1, the main di�erence being that the CNO cycle involves atoms

of carbon, nitrogen and oxygen as catalysts.

There are, overall, eight nuclear processes that produce neutrinos: the pep reaction

(p+ e� + p! 2H + �e) and the 7Be decay produce monoenergetic neutrinos, while all the

other sources generate neutrinos with a continuos energy spectrum. Table 1.3 reports the


uxes calculated in the BP98 SSM and �gure 1.1 shows the corresponding energy spectrum.

1.1.2 Experimental Status

All solar neutrino experiments present some common characteristics, due to the signal's low

rate. A solar neutrino detector needs to satisfy the following requirements:

- a large mass, in order to increase statistics;

- the use of high radiopurity materials, in order to minimize the background;

- a deep underground location, in order to shield from cosmic rays.

The experiments are essentially of two types:
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Figure 1.1: Solar neutrino spectra predicted by the BP98 SSM [11].
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Table 1.3: Prediction of the BP98 SSM [11]: the �rst column reports the solar neutrino 
ux
for each source, while the last two columns show the predicted neutrino capture rate in the
chlorine and in the gallium experiments. The neutrino capture rates are measured in Solar
Neutrino Unit (SNU), equivalent to 10�36 captures per target atom per second.

Source Flux Cl Ga�
1010 cm�2 s�1

�
[SNU] [SNU]

pp 5.94 0.0 69.6
pep 1:39� 10�2 0.2 2.8
hep 2:10� 10�7 0.0 0.0
7Be 4:80� 10�1 1.15 34.4
8B 5:15� 10�4 5.9 12.4
13N 6:05� 10�2 0.1 3.7
15O 5:32� 10�2 0.4 6.0
17F 6:33� 10�2 0.0 0.1

Total 7.7+1:2�1:0 129+8�6

1. radiochemical experiments: these employ neutrino capture reaction on speci�c

targets and later count the reaction products. They do not convey any information

on the time and the energy of the events.

2. real time experiments: these detect each neutrino interaction in the detector on

an event by event basis and they can record its energy, time and position.

At this point in time, �ve experiments have been measuring neutrino 
uxes from the sun.

I will now give a brief overview of each of them and a summary of their results.

The Chlorine experiment [12, 13]

The pioneer solar neutrino experiment was started in 1968 by R. Davis et al. in the

Homestake Gold Mine in Lead, South Dakota, at the depth of 4100 meters of water

equivalent (mwe). For almost two decades it was the only operating solar neutrino

detector.

The detector consists of a tank �lled with 615 tons of C2Cl4 (perchloroethylene), that
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o�ers about 2:2� 1030 37Cl atoms as targets for �e capture in the inverse 37Ar decay:

�e +
37 Cl! e� +37 Ar: (1.2)

This is a radiochemical experiment; the reaction capture proceeds through weak

charged current and it is sensitive only to electron neutrinos with energy above the

threshold (Ethr = 0:814MeV); the main signal comes from 7Be and 8B neutrinos.

Every two months, the 37Ar atoms are extracted with an eÆciency of 90{95% and

counted in low background proportional counters: 37Ar decays by electron capture

(�1=2 = 35 d) in 37Cl, with production of 2{3 keV Auger electrons.

The SSM prediction for the capture rate in the Homestake experiment is reported in

table 1.3:

Rth = 7:7+1:2�1:0 SNU;

where one Solar Neutrino Unit (SNU) is equivalent to 10�36 neutrino captures per

target atom per second. Of this rate, 5.9 SNU come from 8B neutrinos and 1.15 SNU

are from 7Be neutrinos.

The measured counting rate, averaged over 25 years of data taking (1970{1995) is

roughly one third of the predicted value:

R = [2:56� 0:16� 0:16] SNU:

Gallium experiments: SAGE [14], GALLEX [15] and GNO [16]

These radiochemical experiments exploit the �e capture reaction on 71Ga:

�e +
71 Ga! e� +71 Ge: (1.3)

The energy threshold for this reaction (Ethr = 0:233MeV) is low enough to allow the

detection of pp solar neutrinos. The SSM predictions for solar neutrinos capture rates

on 71Ga are reported in table 1.3: the main contribution comes from pp neutrinos

(54%), followed by 7Be neutrinos (27%) and 8B neutrinos (10%). The total expected

rate is:

129+8�6 SNU:
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The SAGE experiment is located in the underground Baksan Laboratory, in Northern

Caucasus, at 4300 mwe depth; the target consists of 60 tons of metallic gallium.

The GALLEX experiment is located in Hall A at the Gran Sasso National Labora-

tories, at a depth of 4000 mwe. Its target is 30 tons of gallium in a 60 m3 GaCl3

solution.

GNO (Gallium Neutrino Observatory) is the successor project of GALLEX, which

continuously took data between 1991 and 1997. The gallium mass in the GNO project

will be gradually increased, in the next years, from the present 30 tons up to 100 tons.

With di�erent chemical procedures, both SAGE and GALLEX (GNO) rely on the

periodic extraction of the 71Ge nuclides produced in the reaction described in eq. 1.3.

Their subsequent electronic capture decay in 71Ga (�1=2 = 11:43 d) is detected in low

background proportional counters.

The solar neutrino rates detected by the gallium experiments are roughly one half of

the prediction:

SAGE : R = [75� 7(stat)� 3(syst)] SNU;

and

GALLEX : R = [78� 6(stat)� 3(syst)] SNU:

GNO has recently made public results for the �rst two years of data (May 1998 {

January 2000): R = [66� 10� 3] SNU:

Water �Cerenkov detectors: Kamiokande [17] and SuperKamiokande [18]

Kamiokande (Kamioka Nucleon Decay Experiment) and SuperKamiokande, its suc-

cessor, are experiments looking for proton decay. Their sensitive mass consists of ultra-

pure water: ultrarelativistic charged particles crossing the water produce �Cerenkov

light observed by photomultiplier tubes. The two experiments are located in the

Kamioka mine, Japan, at 2700 mwe depth.
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Kamiokande was the second solar neutrino detector in chronological order, starting

in 1986. Its �ducial mass consisted of 680 tons of water, observed by 948 photomulti-

plier tubes. In 1994 Kamiokande was shut down and replaced by SuperKamiokande,

a larger scale clone detector. The �ducial mass of SuperKamiokande amounts to

22.5 kilotons of water, observed by 11000 photomultiplier tubes. Both experiments

performed excellent measurements on atmospheric and solar neutrinos.

The detection reaction for neutrino is elastic scattering on electrons:

�x + e� ! �x + e�: (1.4)

Elastic scattering is sensitive to any leptonic 
avor, with the di�erence that the cross

section for �� is about 6 times lower than that for �e, at the energy of 10 MeV.

The reaction is studied with a software energy threshold relatively high: 7.5 MeV in

Kamiokande and 6.5 MeV in SuperKamiokande; this limit, set by the background,

allows the detection of 8B and hep neutrinos only.

Despite the high energy threshold, the water �Cerenkov detectors o�er some important

advantages to the radiochemical experiments: they allow to record the time of the

event and to observe possible temporal 
uctuations in the signal. In addition, by

recording the energy of the recoil electron, they provide information on the spectral

energy of the incoming neutrinos. Finally, thanks to the high directionality of the

�Cerenkov e�ect, it is possible to establish a direct correlation between the neutrino

events and the Sun.

The 
ux measured by Kamiokande between 1986 and 1995 amounts to:

�(8B)exp = [2:8� 0:2� 0:3]cm�2s�1; (1.5)

and it compares with the predicted value as:

�(8B)exp

�(8B)theor
= 0:54� 0:08: (1.6)
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SuperKamiokande measured the 
ux with a higher accuracy mainly due to higher

statistics:

�(8B)exp = [2:4� 0:03� 0:08] cm�2s�1; (1.7)

or equivalently:
�(8B)exp

�(8B)theor
= 0:47� 0:02: (1.8)

Heavy Water detector: SNO [19]

The Sudbury Neutrino Observatory is a new neutrino detector which has been online

since May 1999. It is located in the INCO's Creighton mine near Sudbury, Ontario.

Its �ducial mass comprises 1000 tons of heavy water (D2O) contained in an acrylic

sphere, viewed by 9700 photomultiplier tubes and shielded by a 3 m layer of water.

The main feature of SNO is its ability to discriminate between charged current and

neutral current reactions, thanks to the presence of deuterium. The neutrino detection

channels in SNO are:

1. � + e� ! � + e� elastic scattering,

2. �e + d! e� + p+ p (Ethr = 1:4MeV) charged current reaction,

3. � + d! � + p+ n (Ethr = 2:2MeV) neutral current reaction.

Electrons are detected via �Cerenkov e�ect, with a threshold of about 6 MeV (hence

the sensitivity to 8B neutrinos only). The neutrons are thermalized and eventually

captured in the heavy water. The 
 rays emitted at capture scatter electrons which

generate �Cerenkov light. In order to increase the eÆciency of neutral current detection,

the SNO collaboration plans to use two techniques. One uses 3He �lled proportional

counters, the other detects the 8.6 MeV 
's produced by neutron capture on mag-

nesium chloride (MgCl2) added to the heavy water. Data on SNO have not been

published, to date, but promising indications have been presented at the Neutrino

2000 Conference in Sudbury.
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Figure 1.2: The three Solar Neutrino Problems: comparison of the prediction of the standard
solar model with the total observed rates in the �ve solar neutrino experiments: Homestake,
Kamiokande, SuperKamiokande, GALLEX and SAGE. From reference [20].

1.2 The Solar Neutrino Puzzle

Figure 1.2 is a graphical illustration of the solar neutrino puzzle: the measured solar neutrino


uxes are, in all instances, lower than the predictions of the Standard Solar Model, combined

with the Standard Model of Electroweak interaction. The discrepancy between the predicted

and the measured rates goes beyond the range of uncertainties: this constitutes the \�rst"

neutrino problem.

There is, then, a \second" neutrino problem, as Bahcall and Bethe pointed out in 1990:

the 8B rate observed by the �Cerenkov detectors exceeds the total measured rate in the

chlorine experiment. This is puzzling, if the solar neutrino energy spectrum is not modi�ed

by some non standard neutrino process, since both 7Be and 8B neutrinos are expected to
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contribute to the chlorine rate. The signal directionality and the qualitative shape of events

in Kamiokande and SuperKamiokande leave no doubt that they have solar origin and they

obey the 8B energy spectrum.

A \third" solar neutrino problem emerges from the gallium detectors results: the mea-

sured rate is all accounted for by the pp neutrinos and, again, there is no room for 7Be

neutrinos. This is often referred to as \the problem of the missing 7Be neutrino".

The need for a justi�cation to the solar neutrino de�cit has driven e�orts in two di-

rections: astrophysical solutions and new neutrino physics solutions. In the next sections,

I will present the main theories that have been proposed and the solutions that now look

most promising.

1.2.1 Astrophysical Solutions to the Solar Neutrino Puzzle

The Standard Solar Model, built to give an estimate to the Sun's parameters, makes use

of a number of simplifying hypothesis, but the accuracy of its predictions can be tested

against experimental data.

Helioseismic activity has been observed, in the past few years, by �ve di�erent experi-

ments: LOWL1, BISON, GOLF, GONG, MDI [21, 22, 23, 24]. These experiments measured

the radial distribution of the sound speed inside the Sun, providing results that are in excel-

lent agreement, at the level of 0.2%, with the predictions of the BP98 SSM [11]. Figure 1.3

shows how the fractional di�erence between the measured and the calculated distributions

is much smaller than any change in the model that could signi�cantly a�ect the prediction

of the solar neutrinos 
uxes.

The principal ingredients in the SSM calculations now seem to be well established. The

main uncertainty still lies in the input parameters, especially the nuclear cross sections that

have been measured in laboratories at much higher energies and later extrapolated to the

energies of interest for the Sun's fusion reactions. For instance, a low energy resonance in

the 3He+3He system would induce a signi�cant suppression of the 7Be and 8B neutrinos.

Other nuclear cross sections that would a�ect the 7Be and 8B neutrinos and that are not

well known at the energies of interest are 3He(�; 
)7Be and 7Be(p; 
)8B. Then there are
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Figure 1.3: Fractional di�erence between the most accurate available sound speeds measured
by helioseismology [21] and those predicted by the BP98 SSM [11]. The horizontal line
corresponds to an hypothetical perfect match between the model and the measurements.
The root mean square (rms) fractional di�erence is of the order of 10�3 rms for all speeds
measured between 0:05R� and 0:95R�, R� being the solar radius. The solar neutrino
prediction would be a�ected only by much larger fractional di�erences, between 0.03 rms
for a 3 � e�ect and 0.08 rms for a 1 � e�ect. The vertical scale is chosen so as to emphasize
this fact. From reference [11].
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Figure 1.4: Response of the pp, 7Be and 8B 
uxes to variations of the SSM input parameters
as a function of the resulting core temperature. The models that have been considered
changed the input parameters for pp nuclear cross section Spp, opacity, mass ratios and age.
From Castellani et al. [25].

uncertainties in calculated quantities such as the solar matter opacity, which depends on

the initial chemical and isotopic composition of the Sun. A possible explanation to the

solar neutrino puzzle can in principle be obtained by changing the input parameters of

the model, reducing, for instance, the opacity or lowering S17, the cross section for the

7Be(p; 
)8B reaction.

Another possibility, still in the astrophysical solution context, is to invoke mechanisms

that the model does not include, such as a strong central magnetic �eld, rapid rotations of

the core, instability phenomena or hypothetical WIMPs (Weak Interacting Massive Parti-

cles) that replace neutrinos as carriers for part of the Sun's energy.
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non-standard solar models.
On the �(7Be)=�(7Be)SSM ��(8B)=�(8B)SSM plane one can see the regions allowed by the
combined experiments, with con�dence levels equal to 90, 95 and 99%.
The best �t would occur in the unphysical region of negative 7Be neutrino 
ux. Constraining
the 
ux to be positive, the best �t requires 7Be< 7% and 8B = 41 � 4% of the SSM. This
is not, though, a very good �t: it results in a minimum chisquare equal to �2min = 3:3 for
one degree of freedom, which is excluded at 93% CL.
Moreover, the best �t is in a region that is hard to account for by astrophysical mechanisms.
The plot displays the predictions of the Bahcall-Pinsonneault model (90% C.L.), the central
value of the model by Turck-Chieze and Lopes and the 1000 Montecarlo by Bahcall and
Ulrich. Included are also the general predictions of the cool sun model (Tc power law) and
the models with lower cross section for 7Be(p; 
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non standard solar models, including \Low Z" [7, 26], \Low Opacity", WIMPs [27] and the
models with larger cross section for pp interaction (S11) [28].
From reference [29].
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From a phenomenological point of view, all the new suggested processes a�ect the neu-

trino 
ux through a variation of the core temperature of the Sun (Tc). It is then possible to

treat Tc as a phenomenological parameter to represent di�erent solar models. An approxi-

mate correlation between the neutrino 
uxes from di�erent sources and Tc has been derived

by Bahcall and Ulrich: �(8B)� T18
c , �(7Be)� T8

c and �(pp) � T�1:2c [7]. A reduction of Tc

(Cool Sun Model) could in principle work towards a solution for the solar neutrino puzzle.

The problem is the ratio �(7Be)=�(8B) would be pushed towards values that are higher

than the SSM prediction, while the experimental results go in the opposite direction. This

physics has been illustrated by Castellani et al. [25] in �gure 1.4.

The strongest argument against an astrophysical solution to the solar neutrino puzzle

is the incompatibility with experimental data. The results of existing experiments are

routinely compared to the model predictions with the �tting procedure described in detail

in ref [30]. The combined �t is a least square minimization of a �2, de�ned as:

�2 =
X
i;j

�
Rtheory
i �Rexper

i

�
Vi;j

�
Rtheory
j �Rexper

j

�
(1.9)

where Ri is the measured or predicted event rate in the ith experiment and Vi;j is the error

matrix, that includes all the uncertainties in the model and the statistical and systematic

errors in the experiment.

Several �ts have been performed without satisfying results: no value of Tc can simulta-

neously justify all the experimental results [29, 31, 32]. Figure 1.5 [29] is a good visualization

of the incompatibility of experimental results with standard and non-standard solar mod-

els: while the experimental data indicate a preferential suppression of 7Be neutrinos, all

astrophysical and nuclear physical explanations predict a larger suppression for 8B than for

7Be and no signi�cant deformation of the 8B spectrum.

An astrophysical solution to the three solar neutrino problems is, at this point, largely

unfavorable. The explanation does not seem to lie in the Sun, where neutrinos are produced.

More likely something happens to them on the way to the detectors.
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1.2.2 Non-Standard Neutrino Physics

An alternative and more likely path towards the solution of the Solar Neutrino Puzzle

explores new neutrino physics, outside the boundaries of the Standard Model of electroweak

interaction. The basic idea is that neutrinos can have intrinsic properties that the Standard

Model does not foresee, such as mass, magnetic moment and a non zero 
avor mixing angle.

If this is the case, neutrinos take part in di�erent physical processes that can lower their

rate of detection and distort their energy spectrum.

Suggested particle physics solutions of the solar neutrino problem include neutrino oscil-

lations, neutrino decay and neutrino magnetic moments. I will provide below a description

of the most plausible models: 
avor oscillations in vacuum and in matter.

Flavor Oscillations in Vacuum

The idea that neutrinos can oscillate between leptonic 
avors was �rst suggested by Bruno

Pontecorvo, in 1967. This is a non standard phenomenon that takes place only if at least

one of the neutrino states has non zero mass and if the leptonic number is not conserved:

these properties are postulated in the Great Uni�cation Theory, or GUT, an extension of

the Standard Model.

In these hypotheses, the set of electroweak eigenstates (
avor eigenstates) �e, �� e ��

can be expressed as a combination of the mass eigenstates �m that describe free particle

propagation in vacuum:

j��i =
X
m

h�mj��i j�mi; (1.10)

where j��i is the leptonic eigenstate, j�mi are mass eigenstates and h�mj��i are the mass
matrix elements for neutrinos, a direct analog of the Kobayashi-Maskawa matrix in the

charged current Hamiltonian for quarks. In the case of mixing between leptonic 
avors,

this matrix is non-diagonal.

The di�erent mass components of a neutrino of de�nite 
avor propagate at di�erent

speeds: this leads to neutrino oscillations in vacuum, that is the transformation of a neutrino

of one 
avor into one of di�erent 
avor as the neutrino moves through empty space.
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In a simpli�ed two lepton model, the mixing matrix is a 2� 2 rotation and the mixing

can be expressed in term of a mixing angle �:

( j�ei = cos �j�1i+ sin �j�2i
j�xi = � sin �j�1i+ cos �j�2i

: (1.11)

An electron neutrino j�ei with momentum p will propagate as superposition of the two mass

eigenstates and, after time t, the beam wavefunction will have evolved into:

j�e(x; t)i = cos �j�1ie�i(E1t�px) + sin �j�2ie�i(E2t�px); (1.12)

where Ej =
q
p2 + m2

j ' p + m2
j=2p, in the hypothesis that the masses are much smaller

than the momentum. If �m2 = m2
2 �m2

1 and p ' E, eq. 1.12 can be rewritten as:

j�e(x; t)i =
2
4cos �j�1i+ sin �j�2ie�i

�m2

2E

3
5 ei (E1t�px): (1.13)

The wavefunction describing neutrinos in free propagation has di�erent components, with

phases that depend on time and distance, and there is a non zero probability to detect

neutrinos of di�erent 
avors at any time during the propagation. Such probability has a

periodic behavior:

8<
:
P (�e ! �e; R) = jh�ej�e(R; t)ij2 = 1� sin2 2� sin2

�
�R
Lv

�
P (�e ! �x; R) = jh�xj�e(R; t)ij2 = sin2 2� sin2

�
�R
Lv

� ; (1.14)

where R is distance from the source, Lv =
4�p

�m2
is the oscillation length and � is the mixing

angle.

Another way to describe the process is that, for a given moment p, the lighter eigen-

states in �e travel faster than the heavier ones. The di�erent components of the beam get

out of phase and during the trip from source to detector the beam acquires components

corresponding to di�erent 
avors, after a distance equal to the oscillation length. This is a

violation of the conservation of the leptonic number.

A solar neutrino detector should observe a periodic correlation between the neutrino

signal and the distance R from the source. The detectable neutrino 
ux would depend on
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the mixing angle and oscillation phase in equation 1.14. The electron neutrino signal can

be largely suppressed if the phase is:

� =
�R

Lv
=

�
k +

1

2

�
�; (1.15)

with k integer. This happens if the Sun{Earth distance is equal to:

R =

�
k +

1

2

�
Lv =

�
k +

1

2

�
4�E

�m2 : (1.16)

Given the average value of R = 150� 104 km, we obtain:

�
k +

1

2

�
= 6:07

1

E[MeV]

�m2

10�10
: (1.17)

If the mixing angle � is suÆciently large and if k is small enough, we can have a situation

where the 1 MeV neutrinos convert in a di�erent 
avor, while the higher energy neutrinos

from 8B do not. If k is large, 
avor conversion happens throughout the solar neutrino

spectrum and the signal from �e is at a minimum (about 0.5 SSM).

Note that the vacuum oscillation scenario requires, to solve the solar neutrino puzzle,

mixing angle values that are much larger than the corresponding mixing angles between

quarks and a very �ne tuning of the relation between neutrino masses, their energy and the

Sun-Earth distance.

Flavor Oscillations in Matter: the MSW E�ect

An alternative solution to the solar neutrino puzzle, originally proposed in 1978 by Wolfen-

stein [33] and later revived by Mikheyev and Smirnov in 1985 [34], accounts for the di�erent

way neutrinos propagate in matter, due to weak scattering with electrons.

Electron neutrinos interact with matter both through charged and neutral current weak

interactions, while �� and �� are subject to neutral current interactions only. The interaction

of neutrinos with the matter �elds can be accounted for by the introduction of a refraction

index n in the propagating wave function:

j��i =
X
m

h�mj��i j�mi e�i(Emt�pnx): (1.18)
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The refraction index depends on the electron density Ne and the forward elastic scattering

amplitude for neutrinos f(0) as:

n = 1 +
2�Nef(0)

p2
: (1.19)

The di�erence between forward scattering amplitude for electron neutrinos and the other


avors determines a density-dependent splitting of the diagonal elements in the mass matrix;

in other words, the mass eigenstates that propagate in matter are di�erent from the ones

propagating in vacuum. The splitting is given by [35]:

fe(0)� fx(0) = �f(0) = �
p
2GFp

2�
; (1.20)

where GF is the Fermi coupling constant. In virtue of this, the electron neutrino wave

function has an additional phase term that does not appear in the wave function for other


avors:

j�ei / e�i
p
2xNeGF: (1.21)

The oscillation length for �e is de�ned as the length at which the above phase term equals

2�. It depends on the electron density as:

Lm =
2�p
2NeGF

' 1:7� 107 m

�[g=cm3]hZ=Ai
: (1.22)

This value is equal to � 200 km in the Sun's core and � 104 km inside Earth.

The mixing angle inside the solar matter �m is related to the one in vacuum by the

relation:

sin2 2�m =
sin2 2�

(cos 2� � Lv=Lm)
2 + sin2 2�

; (1.23)

where, again, Lv and Lm are the neutrino oscillation lengths in vacuum and in matter.

Equation 1.23 presents a resonant feature: let us assume that, along the path from the

Sun's core (where they are produced) to the external layers, neutrinos run into a region

with such density as to have:
Lv

Lm
= cos 2�:

In this case, sin2 2�m = 1, and there is local maximal mixing even though the mixing angle

in vacuum � can be very small. Provided the neutrino beam encounters a region with the
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Figure 1.6: Schematic illustration of the MSW e�ect. The dashed line corresponds to the
electron-electron and the muon-muon diagonal elements of the M2 matrix in the 
avor
basis. Their intersection de�nes the critical density �c. The solid lines describe the light
and heavy local mass eigenstates as a function of matter density. If �e is produced in a
high density region, as the Sun's core, and propagates adiabatically, it will follow the heavy
mass trajectory and emerge from the Sun as a ��. From reference [36].

\right" electron density, the conversion becomes resonant. The critical density is the point

where the splitting between mass eigenvalues reaches its minimum and it is equal to:

�c =
1

2
p
2GF

cos 2�
�m2

E
: (1.24)

The phenomenon of matter enhanced oscillation is known as the MSW e�ect.

According to the solar models [6, 7, 9, 37], the matter density inside the Sun monoton-

ically decreases between � 150 g=cm3 at the core and � 0 at the outside. The change in �

is followed by a change of �m and of the nature of the 
avor mixing.

The assumption underlying an MSW explanation to the solar neutrino problem is that

when a �e is generated in a high density region (� > �c), it is mainly constituted by the

heavier eigenstate, �2 = �H , while in vacuum it is closer to the lighter state �1 = �L. In the

critical density region, �m ! �
4 and �H is composed by �e and �� in equal parts, while as

�! 0 it is mostly ��. If the neutrino beam crosses the Sun adiabatically (that is, without
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introducing transitions between �L and �H), it is mainly constituted by the heavier state �H

all the way. The net result is that, when it emerges Sun, the beam will be mostly constituted

by ��, non detectable by the radiochemical experiments and only partially detected by the

�Cerenkov detectors. This process is illustrated in �gure 1.6.

In the adiabatic hypothesis, the conversion of �e in �� is almost total. The survival

probability for a �e is:

P(�e ! �e)adiab =
1

2
(1 + cos 2� cos 2�m;i) � sin2 �; (1.25)

where �m;i � �
2 is the mixing angle in matter, evaluated at the production site. A notable

remark is that, in the Sun, the conversion is more complete for smaller values of the mixing

angle in vacuum.

The adiabatic condition is satis�ed only if the resonance width is larger than the os-

cillation length in matter. For a 10 MeV neutrino, this condition is veri�ed, in the Sun,

if: (
�m2 � 10�4eV2

sin2 2� < 4� 10�4
:

For smaller masses and larger mixing angles, there is no adiabaticity and the conversion is

only partial.

In the non-adiabatic case, the survival probability for a �e with energy E is given by the

Parke relation [38, 39]:

P (E) =
1

2
+
1

2
cos 2�m;i cos 2� (1� 2Phop) ; (1.26)

Phop = e��; � =
��m2 sin2 2�

4E cos 2�

���� Ne

dNe=dr

����
resonance

: (1.27)

Phop is the Landau-Zener probability for a jump between the mass eigenstates. It accounts

for non adiabatic corrections, so that higher energy neutrinos have higher survival proba-

bility.

The MSW e�ect is, thus, extremely 
exible: depending on the values assumed by the

parameters �m2 and sin2 2�, it can preferentially suppress the higher energy neutrinos from

8B or the lower energy neutrinos from 7Be and pp or, again it can deplete the lower energy

portion of the 8B spectrum and the 7Be while safeguarding the pp 
ux.
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Table 1.4: Best-�t global oscillation parameters and con�dence limits for the currently
allowed neutrino oscillation solutions. The active neutrino solutions are from Fig. 1.7. The
di�erences of the squared masses are given in eV2. From reference [42].

Scenario �m2 sin2(2�) C.L.

LMA 2:7� 10�5 7:9� 10�1 68%
SMA 5:0� 10�6 7:2� 10�3 64%
LOW 1:0� 10�7 9:1� 10�1 83%
VACS 6:5� 10�11 7:2� 10�1 90%
VACL 4:4� 10�10 9:0� 10�1 95%
Sterile 4:0� 10�6 6:6� 10�3 73%

The phenomenon of neutrino oscillation in matter can also take place inside the Earth.

As a consequence, electron neutrinos that have been converted in �x inside the Sun, by

MSW e�ect, can regenerate and recover their electron 
avor while crossing Earth in their

trip to the detector. Paraphrasing the title of Bahcall's paper [40], we could say that the

Sun appears brighter at night in neutrinos.

This e�ect would induce a daily variation of the detected rate; for details on the physics

and the calculations, we refer to [40, 41] and references therein. An experimental, statisti-

cally robust observation of a day � night asymmetry would be a very convincing proof of

the validity of the MSW e�ect.

1.3 Where Do We Stand Now?

The second generation of solar neutrino experiments, with larger detector masses and im-

proved sensitivities, has already started.

After the Neutrino 98 conference, when the SuperKamiokande data were �rst announced,

new �ts have been performed. A complete overview of the �ts and allowed solution is of-

fered in ref. [42]. Figure 1.7, from [42], shows the two allowed regions for vacuum oscillation

(VACL and VACS) and the three MSW allowed regions: LMA (large mixing angle solu-

tion), SMA (small mixing angle solution) and LOW (low mass). The best �t values and
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(a) (b)

Figure 1.7: Global oscillation solutions. The input data include the total rates in the
Homestake, Sage, Gallex, and SuperKamiokande experiments, as well as the electron recoil
energy spectrum and the day-night e�ect measured by SuperKamiokande in 825 days of data
taking. Figure 1.7-a shows the global solutions for the allowed MSW oscillation regions,
known, respectively, as the SMA, LMA, and LOW solutions [42]. Figure 1.7-b shows the
global solution for the allowed vacuum oscillation regions. The C.L. contours correspond,
for both �gures, to �2 = �2min + 4:61(9:21), representing 90% ( 99%) C.L. relative to each
of the best-�t solutions (marked by dark circles) given in Table 1.4. The best vacuum
�t to the SuperKamiokande electron recoil energy spectrum is marked in Fig. 1.7-b at
�m2 = 6:3� 10�10 eV2 and sin2 2� = 1. From reference [42].
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Figure 1.8: Ratio of observed and predicted events, in SuperKamiokande, as a function
of the natural oscillation parameter L=E� . Electrons show no evidence for oscillation,
while muons exhibit a strong drop with L=E� . This is consistent with �� � �� oscillations
with maximal mixing and �m2 = 0:0032 eV 2, as indicated by the dashed lines from the
simulations. From reference [43].

con�dence limits for the di�erent models are reported in table 1.4, always from [42]. The

table also reports another solution that is presently being considered: oscillation of �e in

sterile neutrinos �s. The allowed region is similar to the SMA region, in �gure 1.7.

The SuperKamiokande data is contributing new pieces of information to the overall solar

neutrino picture, with increasing statistics. The main results can be summarized as follows:

Evidence for neutrino oscillation. The SuperKamiokande collaboration announced in

1998 new evidence for muon neutrino disappearance in the measured 
ux of atmo-

spheric neutrino [44]. They observed a up-down asymmetry and a reduced 
ux for

muon neutrinos, but not for electron neutrinos; such anomaly can be used as di-

agnostic for neutrino oscillation. The evidence points to neutrino oscillation in the

channel �� ! �� , with �m2 = 2� 7 � 10�3 eV2 and sin 2�V � 1 (see �g. 1.8). For a

complete discussion of the atmospheric neutrino anomaly and neutrino oscillation in
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SuperKamiokande, I refer to [43].

Spectral distortion above 13 MeV. The recoil energy spectrum measured by Super-

Kamiokande shows evidence for an enhanced event rate above a total electron energy

of 13 MeV. The detected spectrum and its ratio to the predictions of the BP98 SSM

are shown in �g. 1.9, from reference [45]. Several possible explanations have been

suggested for this anomaly, including:

1. an enhanced 
ux of hep neutrinos [46, 47];

2. a real upturn in the survival probability. Berezinsky et al. [48] pointed out that

there exists a vacuum oscillation solution that can explain the spectrum deforma-

tion and solve the solar neutrino puzzle at the same time (�m2 = 4:2�10�10 ev2,
sin2 2� = 0:93, labelled by the authors HEE-VO, High-Energy Excess vacuum

oscillation). The HEE-Vo solution presents as its most distinct signature a semi-

annual seasonal variation of the 7Be neutrino 
ux, with maximal amplitude. This

e�ect needs to be con�rmed by a real-time detection of the 7Be neutrinos.

3. the excess could be a consequence of the small statistics or of small systematic

errors in the energy calibration. We will �nd out whether this is the case once

SNO will have collected enough statistics, since SNO is also sensitive to the

detection of this anomaly.

The most recent SuperKamiokande data, presented at the Neutrino 2000 confer-

ence [49], is still showing a high energy excess, but the evidence appears less con-

vincing, with higher statistics. A 
at spectrum is posible with �2flat = 13:7=17 dof

and 69% CL. The �t with 8B+hep neutrino spectra yields:

hep 
ux < 13:2 SSM (best �t : 5:4� 4:6 SSM):

Evidence for a day-night e�ect. A day/night asymmetry in the SuperKamiokande data

has been suggested at the Neutrino 2000 conference [49]:

2
D �N

D +N
= �0:034� 0:022stat� 0:013sys:
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This indication is still statistically weak (� 1:3 �), but, if con�rmed with higher

statistical signi�cance, it will indicate the occurrence of Earth regeneration for the 8B

solar neutrinos.

While the previous �ts tended to favor the SMA MSW solution, these new data from

SuperKamiokande, both by themselves and in combination with chlorine and gallium

experiments, tend to favor the LMA and LOW regions of the parameter space [41].

According to Fogli et al. [50], there is a tension between the total rates, which are

in favor of the SMA solution, and the 
at spectrum observed by SuperKamiokande

(the SMA predicts spectral deformation). However, a compromise between these

discordant indications is still reached in the global �t and all 3 solutions are still valid

at the 95% CL. As far as discrimination between the LOW and the LMA solutions,

Fogli et al. [50] propose to compare the day-night asymmetries in two separate energy

ranges: L (5{7.5 MeV) and H (7.5{20). Once enough statistics have been collected

both by SuperKamiokande and SNO, the sign of the parameter:

� =

�
N �D

N +D

�
H
�
�
N �D

N +D

�
L

(1.28)

will allow to discriminate between LMA and LOW, since Earth regeneration e�ect is

stronger at low energy for LOW and at high energy for LMA.

SNO started its data taking about one year ago: at Neutrino 2000, very recently, they

have shown everything is working properly, the spectral shape can be scaled to the SSM

spectrum of 8B but the scaling coeÆcient has not been disclosed yet. The next few months

of data will shed some light on the questions opened by SuperKamiokande.

GNO will continue measuring the pp neutrino 
ux, with a larger mass, hence larger

statistics, than Gallex did. For the moment, it is working with the same sensitive mass, so

there is not much more information to add. It will be particularly interesting to see whether

a seasonal variation of the rate will emerge, with larger statistics, in view of the HEE-VO

model proposed by Berezinsky et al. [48].

But the missing key to a complete understanding of the solar neutrino puzzle is a direct,

real time measurement of the monoenergetic 7Be solar neutrino 
ux. Borexino is a new
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detector speci�cally designed to answer the question that is still pending: \where do all the

7Be neutrinos go?"

In the next three chapters, I will describe the detector and its new technology, I will

investigate background sources and expected performances and I will review the contribution

that Borexino can provide to the solution of the solar neutrino problem.



Chapter 2

The Borexino Experiment

2.1 Overview of the Borexino Project

The existing \second generation" solar neutrino detectors will produce high statistics neu-

trino signals and will provide precious information for the understanding of the solar neu-

trino physics, but the ultimate solution to the solar neutrino problem will come only once

we have an answer to the question of what happens to the 7Be solar neutrinos. A detector

speci�cally designed to count them is the missing key in this puzzle; Borexino is such a

detector.

Evolving from an original proposal by R. Raghavan1, the Borexino project relies on the

e�orts of an international collaboration whose principal institutions are from the United

States, Italy and Germany. The detector is now under construction in the underground

facility of the Gran Sasso National Laboratories (LNGS), under the Italian Apennines, at

a depth of 3800 mwe. Its main scienti�c goal is to provide a real time measurement of the

7Be neutrino 
ux, insulating it from the other components of the solar neutrino spectrum,

and to observe possible periodic variations of the signal.
1The original Borex project was initiated in 1987 as a solar neutrino detector for neutral and charged

current interactions of 8B neutrinos on 11B in the target. The design required a 1000-ton �ducial mass of the

boron compound trimethylborate as scintillator, from which the project's name originated. Borexino was

�rst planned as a prototype for Borex, with only 100-ton �ducial mass. It was soon realized, though, that

Borexino was large enough to become a unique high rate detector for the more intense 7Be neutrinos, provided

the background at low energy could be reduced. The detection of 7Be neutrinos became the project's new

goal and trimethylborate was replaced by pseudocumene as scintillator, but the name remained.

31
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Borexino is an unsegmented detector whose sensitive mass consists of 300 tons of or-

ganic liquid scintillator, one third of which will be used as �ducial mass. The fundamental

detection reaction is the elastic scattering of neutrinos on electrons:

� + e! � + e: (2.1)

The energy of the recoil electron will be detected through the scintillation light it produces

as it comes to rest in the scintillator, by means of 2200 phototubes. The scattering reaction

is sensitive to all leptonic 
avors, but there is no signature that discriminates between

charged current (�e) and neutral current (�x) interactions. The only di�erence is the cross

section, which is about 5 times higher for �e than for the other 
avors.

The liquid scintillator (see x2.2.1) is a mixture of pseudocumene (PC) and 
uors (PPO),

with relatively high yield: � 104 photons are generated per MeV of deposited energy and

� 400 of them are detected. For this reason, Borexino is in principle able to detect recoil

electrons with energies down to a few tens of keV. In reality, the e�ective threshold is limited

by background considerations. The presence of the low energy � emitter 14C (Q = 156

keV) in the scintillator, chemically bound to the organic molecules, sets the lower detectable

neutrino 
ux at 250 keV.

The predicted counting rate for solar neutrinos in a 100 ton �ducial volume and above the

250 keV energy threshold is 63 events/day, 46 of which are from 7Be neutrinos, according to

the BP98 SSM [11]. Borexino does not o�er an event-by-event signature or any directional

information for �-e scattering events; the signal can be distinguished from the background

only statistically.

There is, however, a spectral signature for 7Be solar neutrinos: owing to the monochro-

matic nature of the 7Be neutrino radiation, the energy spectrum of the recoil electrons in

Borexino (eq. 2.1) will feature a sharp Compton-like edge at the energy of 665 keV. There

is also a temporal signature for the solar neutrino 
ux: the eccentricity of Earth's orbit

provokes a 7% annual variation of the neutrino rate (1=R2 e�ect).

The lack of an event-by-event signature makes it critically important to minimize the

rate and understand the spectrum of background events. The requirement for background
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in the energy range 250{800 keV (also known as the "neutrino window") is an upper limit

of 0:05 events/day/ton, or 5 � 10�10Bq/kg. Achieving this goal constitutes the ultimate

challenge and the key to the success of the Borexino project.

2.2 Detector Structure

The Borexino detector structure consists of several concentric regions, organized in the shell

pattern shown in �gure 2.1. The design has been driven by the following considerations:

Neutrino count rate. The number of detected neutrinos depends linearly on the volume

of target scintillator. In order to have a SSM neutrino count rate of about 50 ev/day

in a pseudocumene scintillator, the detector �ducial mass needs to be equal to at least

100 tons.

Solar neutrino signatures in Borexino. There are two principal ways Borexino will es-

tablish that it has seen solar neutrinos { one is to identify the \edge" due to 7Be

neutrinos in the electron recoil energy spectrum at 665 keV, the second is to observe

the 1=R2 annual variation in neutrino rate from the Sun (a 7% e�ect). Our ability to

detect either e�ect will depend critically on the degree of background suppression we

are able to achieve.

Signal to background ratio. Due to the strict requirements on the background rate (see

discussion in {3), extraordinary puri�cation procedures need to be implemented, both

for the active scintillator and for the surrounding shields. Very stringent requirements

are also placed on the construction materials used throughout Borexino { from the

scintillator containment vessel, to the phototube glass, to the metallic support vessels

(see x3.3). Measures must be employed to maintain cleanliness during assembly and

an eÆcient veto for cosmic-ray muons needs to be implemented.

Detector resolution. Maximizing the amount of collected scintillation light leads not

only to an improved energy resolution, vital for the identi�cation of the recoil elec-

tron edge, but also for a superior �=� discrimination and a better spatial position
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Figure 2.1: Schematics of the Borexino detector at Gran Sasso. 300 tons of liquid scintil-
lator are shielded by 1040 tons of bu�er 
uid. The scintillation light is detected by 2200
phototubes. Reconstruction of the position of point-like events allows the determination
of a 100 ton �ducial mass. Outwards pointing phototubes on the steel sphere surface act
as muon veto detector, using the �Cerenkov light produced by muons intersecting the outer
water bu�er, which in addition shields against external radiation.
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reconstruction. This has driven the selection of the scintillator mixture (minimize

light attenuation while maximizing the yield) and the design of the light collection

apparatus (maximize the photomultiplier area coverage and further improve collection

with light concentrating cones).

While keeping these motivations in mind, I will now provide an overview of the vari-

ous detector components. Details on material radiopurity measurements/requirements and

background issues will be given in {3 and a speci�c discussion of the scintillation contain-

ment vessel will be o�ered in chapters {5{{9.

2.2.1 The Scintillator

The liquid scintillator solution for Borexino consists of pseudocumene (PC, 1,2,4-trimethyl-

benzene, C6H3(CH3)3), as a solvent and the 
uor PPO (2,5-diphenyloxazole, C15H11NO)

as a solute, at a concentration of 1.5 g/l (� 0.5%). This mixture has been extensively

studied in laboratory and in the Counting Test Facility (CTF). A summary of the main

results of CTF is presented in x2.3; a more complete discussion on them can be found in

references [51, 52]. The physical properties of pseudocumene are reported in table 2.1, while

the main characteristics of the liquid scintillator for Borexino can be summarized as follows:

� the primary light yield is equal to � 104 photons/MeV;

� the peak emission wavelength is equal to 430 ns (see emission spectra of PC and

PC+PPO in �gure 2.2), well above the sensitivity threshold of the phototubes (�

350 nm);

� the light mean free path in the scintillator, at the peak emission wavelength, exceeds

7 m;

� the scintillator decay lifetime does not exceed 4 ns, as it is required for a good spatial

resolution;
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Table 2.1: Physical properties of pseudocumene (1,2,4-trimethylbenzene).

Molecular formula C9H12

Chemical Structure C6H3(CH3)3
Molecular weight 120.2
Melting point -43.8oC
Boiling point 169oC
Vapor density 4.15 (air = 1)
Vapor pressure 2.03 mm Hg at 25oC
Density 0.876 g/cm3

Flash point 48oC
Water solubility 57 mg/L at 20oC
Index of refraction 1.505
Safety stable, 
ammable when heated

incompatible with strong oxidizing agents
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Figure 2.2: Normalized emission spectra of pseudocumene (PC) and of the scintillator
mixture (PC+PPO) [53].
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� the large di�erence on the tail of the decay time distributions for � and � excita-

tion modes allows a very eÆcient �=� discrimination, as was proved in laboratory

experiments and also in the CTF (see x 2.3.2).

� the �-quenching factor exceeds 10 in the energy range 5{6 MeV, constraining the

�-equivalent energies for most of the 238U chain � decays below 0.5 MeV and hence

out of the range of the \Compton-like" 7Be edge. The �-quenching as a function of

the energy has been measured in laboratory to be [54]:

Q(E) = 20:3� 1:3E[MeV]:

� the necessary bulk radiopurity in the scintillator (10�16 g/g of 238U and 232Th) is

attainable on a large mass scale, as has been shown in the CTF (see x2.3.2).

The importance of good �=� discrimination will be emphasized in x3.4. Here I summa-

rize the basic principles of � quenching and �=� discrimination in organic scintillators. A

more complete discussion of this topic can be found in reference [55].

The electronic levels of an organic molecule with a �-electron system can be represented

schematically as in �gure 2.3. In organic scintillators, 
uorescence light is emitted by

radiative transitions between the �rst excited singlet � electron state S1 and the ground

state S0 or their vibrational sub-levels. The typical radiative lifetime of the �-singlet state

S1 is of the order of 10
�8 � 10�9 s.

The absorption transition from the ground state S0 to the triplet states Ti is spin-

forbidden. Nevertheless, the triplet states can be populated by other means, such as the

collisional interaction between excited molecules. T1 is a long-lived state, with a radiative

lifetime that can range up to few seconds. Phosphorescence is the phenomenon of radiative

transitions from T1 to S0.

An alternative process is that of delayed 
uorescence, which takes place when two

molecules in the lowest excited �-triplet state T1 collide and result in a molecule in the

�rst excited �-singlet state S1 and one in the ground state S0. The molecule in S1 subse-

quently decays to the ground state, with the same spectrum of the main S1{S0 radiative
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Figure 2.3: �-electronic energy levels of an organic molecule. S0 is the ground state. S1,
S2, S3 are excited singlet states. T1, T2, T3 are excited triplet states. The thin lines are
vibrational sublevels. I� is the �-ionization energy. From [55].

transition, but with a delay that is determined by the rate of collisions between T1 excited

molecules. In some scintillators, this slow component can last up to 1�s.

Scintillation light quenching may results frommolecular interactions between the excited

�-states and other excited or ionized molecules. Quenching depends on the density of

excitons and ionized molecules, resulting in a non-linear relationship between the deposited

energy and the emitted scintillation light. Quenching is a larger e�ect for � particles than

for electrons, because �'s have a larger energy loss per unit pathlength.

The relative intensity of the fast and the slow scintillation components also depends on

the energy loss per unit length, since the slow component is less a�ected by quenching. This

dependence results in a relative intensity for the slow emission which is larger for � than for
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Table 2.2: Decay times and probabilities for the di�erent scintillation components, in case
of excitation by either � or � � 
 radiation. From a laboratory measurement [56].

1st component 2nd component 3rd component
�1 [ns] q1 [%] �2 [ns] q2 [%] �3 [ns] q3 [%]

� rays 2.30 58.36 15.15 25.84 100 15.80
� � 
 rays 1.71 88.17 10.46 10.73 83 1.10

Figure 2.4: Time decay distribution of the scintillator for emission excited by � or � � 

radiation. From a laboratory measurement [56].
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� particles, thus allowing to discriminate between the two types of radiation on the basis

of the decay time distribution.

The distribution of the scintillation decay time is usually described phenomenologically

by a sum of exponential decay curves where the exponential with the shortest meanlife

corresponds to the main scintillation component:

f(t) =
X

i

qi
�i
e
�

t
�i ;

X

i

qi = 1: (2.2)

Table 2.2 reports the parameters for the scintillator decay time distribution in the case of

� or � � 
 radiation, measured on small scale samples of the scintillator for Borexino [56].

Figure 2.4 shows the scintillator decay time distribution measured in laboratory for � and

� particles. The ability to discriminate between � and � � 
 radiation is based on the

di�erence in the tail of the time distributions of the scintillator decay.

2.2.2 The Nylon Vessels

The scintillator containment vessel (inner vessel) in Borexino is a spherical bag with an 8:5m

diameter. The material of construction for the inner vessel must meet stringent requirements

of cleanliness (see {8), optical clarity (see {7), mechanical strength and chemical resistance

to the scintillator (see {5). Radiopurity is particularly important, since the inner vessel is

the only component that is in direct contact with the scintillator; 222Rn emanating from the

inner vessel material potentially constitutes the ultimate source of background for Borexino

(see discussion in {6 and {8).

Selection and testing of various materials led to the choice of a nylon-6 �lm 125�m

thick. A second nylon vessel will be installed outside the inner vessel in order to insulate

it from 222Rn and other impurities that might otherwise di�use into the vicinity of the

sensitive volume from the outer regions of the detector, thereby increasing the background.

The second vessel will have an 11m diameter and will be built with the same transparent

nylon-6 �lm used for the inner vessel. {5 in the present dissertation will be devoted to

a complete description of the scintillator containment vessel and the characteristics of the

material of choice.
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2.2.3 The Bu�er Fluid

The inner shield layer for Borexino is a bu�er 
uid that �lls the region between the scintilla-

tor containment vessel and the stainless steel sphere. The 
uid of choice is pseudocumene,

which is also the solvent for the scintillator solution. Pseudocumene, as a bu�er 
uid,

presents a series of advantages:

� its density matches that of the scintillator within 1 part in 103, which is fundamen-

tal to minimize mechanical stresses on the inner vessel. This is a neutral buoyancy

con�guration;

� its index of refraction matches that of the scintillator within 1%. This way, the

scintillation light is minimally disturbed during its propagation and we can have better

position identi�cation;

� the light attenuation length and the scattering mean free path length exceed 5m at

the scintillation light wavelength (430 nm).

Pseudocumene, without 
uors, has a scintillation light yield � 20 times lower than

that of the scintillator solution. Even with this small light yield, a signi�cant number of

scintillation events in the inner bu�er would be detected with energies comparable to that of

the 7Be neutrinos, due to the 
ux of high energy 
-rays from various detector components,

mainly the phototubes (see x3.3). The probability of misinterpreting the scintillation events

produced in the bu�er as coming from the �ducial volume is small, thanks to the event

position reconstruction. However, in order to reduce the primary acquisition rate in the

neutrino energy window (250{800 keV), we plan to add 5 g/l dimethylphthalate (DMP) as

quencher to the inner bu�er. The quencher o�ers a further suppression of the scintillation

light yield in the bu�er by a factor of � 10 [57]. This way, the inner bu�er will really be a

passive shield and the detected events will only have taken place inside the scintillator.

The light mean free path lengths and the �Cerenkov light emission yield, important for

the muon veto, are not a�ected by the presence of the DMP quencher in the bu�er.
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2.2.4 The Stainless Steel Sphere

A stainless steel sphere (SSS) with 13.7 m diameter separates the pseudocumene bu�er

from the external 2 m shield layer of ultrapure water. The sphere also functions as support

structure for the 2200 phototubes, which are directly mounted on its internal surface. On

the sphere's outside there are 200 additional phototubes that detect the �Cerenkov radiation

produced by cosmic rays in the water, as a part of the muon veto system.

In the neutral buoyancy con�guration, the mechanical stress due to the density di�erence

between water (� = 1:0 g/cm3) and pseudocumene (� = 0:87 g/cm3) is acting solely on the

stainless steel sphere (water outside and pseudocumene inside, for a total buoyancy force

Fb = 1:7�109N), while the more delicate nylon inner vessel is unstressed. The sphere design

is based on the requirement that it be safe in a �lled, free-standing mode (full gravity load)

and also in its normal operating mode, with water outside. The sphere is made of 8mm

thick plates in the top hemisphere and 10mm thick plates in the bottom hemisphere, for

a total mass of � 45 tons. It is supported by 20 legs welded to the base plate of the water

tank.

In order to assure a high level of cleanliness, especially from particulates, the internal

surface of the stainless steel sphere has been pickled and passivated [58]. The result is

a matte �nish that di�usely re
ects � 40% if the incident light. Light re
ecting from

the sphere back to the phototubes has the potential to shift the time distribution for the

detected photons in � events; this would result in a degradation of the �=� discrimination.

The simulations show that if the re
ection is di�use, rather than specular, most of the

re
ected light will be trapped behind the light cones and will not signi�cantly disrupt the

�=� discrimination.

During the phototube mounting phase, the air within the sphere will be �ltered to

provide clean-room conditions, while during the �nal installation of the nylon vessels, special

synthetic radon-free air will be pumped into the stainless steel sphere, to prevent build-up

of radon daughters on the nylon vessels.
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2.2.5 The External Water Tank and the Water Bu�er

The most external shell in Borexino is the the water tank, a stainless steel domed cylinder

with 18 m diameter and 16.5 m high.

The water tank contains the external shielding layer in Borexino, a 2 m bu�er of ul-

trapure water. This shield absorbs the 
 and the neutron 
ux emanated from the rocks of

the experimental hall (see x3.3). A 15 cm steel plate has been installed under the tank; its

purpose is to compensate for the reduced shield provided by the water at the bottom of the

tank, since the sphere is not vertically centered (see �gure 2.1).

The water shield also functions as a �Cerenkov detector for cosmic rays, as a part of

the muon veto system. In order to increase the cosmic ray detection eÆciency, the water

tank internal wall is covered by Tyvek sheets which re
ect and di�use the �Cerenkov light

radiated by cosmic rays crossing the water bu�er [59, 60].

2.2.6 The Phototubes and the Muon Detector

The scintillation light from a neutrino interaction in the scintillator vessel will be detected

by an array of 2200 photomultiplier tubes [61] mounted on the inside surface of the stainless

steel sphere.

The phototubes are 20 cm diameter Thorn-EMI 9351. Their sensitivity threshold is

350 nm and their peak quantum eÆciency is at 420 nm (see �g. 2.5). Their timing jitter

(transit time spread) is 1 ns, the dark noise rate is about 1 kHz, afterpulsing is roughly

2.5% and their ampli�cation is 107 at the working voltage of 1400 V. The back-end seals of

the phototubes have been designed to be compatible for operation both in pseudocumene

and in water [62].

Massive e�orts have been spent in minimizing the radioactive contamination of the

phototube components. Nevertheless, the low radioactivity cathode glass Schott 8346 still

represents the only exception to the basic design concept that the background produced by

each material layer cannot exceed the background induced in its position by more external

sources. The phototubes, in fact, constitute the major source of external background in
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Figure 2.5: Quantum eÆciency of the phototubes for Borexino.

Borexino (see x3.3).

A directional light concentrator, similar to the \Winston cone" [63], is mounted on

1800 PMTs. The cones restrict the phototube �eld of view to the inner vessel and increase

by a factor � 3 their eÆciency for detecting the light coming from the scintillator. Their

shape is designed to produce an uniform response to all scintillation events; they have a

length of 28 cm and a maximum diameter of 35 cm. The e�ective coverage for the inner

vessel is equal to about 30%.

The remaining 400 PMTs will not employ the light concentrators, so that they will have

a wider solid angle acceptance and they will be able to detect �Cerenkov photons produced

in the bu�er by the muons, at the cost of a reduced eÆciency in detection of photons from

regular scintillation events. This system acts as an \internal muon veto" [59, 60]: the ratio

of photons detected by the phototubes with cones compared to those without cones provides

a selection criterion for muon identi�cation.

Beside the 400 PMTs with the cylindrical light guides, the muon detector will also use an

external detector consisting of an array of 200 phototubes mounted on the outside surface
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of the stainless steel sphere. Their task is to detect the �Cerenkov light produced in the 2 m

of water between the outer tank and the sphere. These 200 phototubes are of the same

model as the other 2200 and, again, they are not coupled to light guides, in order to obtain

a wider solid angle acceptance.

The necessity of a muon veto system in Borexino has been justi�ed by the experience

in the Counting Test Facility (x2.3): even though the underground location massively sup-

presses the cosmic ray 
ux intersecting the detector, the surviving muons produce a prompt

background of low energy events in the energy window of interest for the detection of solar

neutrinos. Such events mainly arise from muons that produce �Cerenkov radiation when

crossing the bu�er region [51].

Using the ratio of the total pulse height in the inner and outer detector as a cut, muon

tracks in the bu�er region can be discriminated from point-like events in the scintillator.

The time pattern of muon tracks is also very di�erent from the point-like events in the

scintillator - this can further improve their identi�cation. The muon veto system has been

designed to reduce this background to a levels of < 0.5 events/day [59, 60].

2.2.7 The Scintillator Puri�cation System

The most troublesome sources of radioactive impurities in Borexino can be classi�ed as

follows:

� suspended dust, containing 40K, 238U and 232Th(see x3.4);

� 222Rn emanating from the materials of construction (see discussion in {6);

� 210Pb deposited on the surface of the scintillator containment vessel (see x8.1.4);

� 40K in the 
uor;

� 85Kr in nitrogen or in the scintillator;

� cosmogenic radioisotopes as 7Be.



Chapter 2: The Borexino Experiment 46

Table 2.3: Radiopurity requirements and puri�cation techniques for Borexino. From refer-
ence [64].

Isotope Source Typical conc. Tolerable level Strategy

14C cosmogenic
14C
12C

� 10�12
14C
12C

� 10�18 use petroleum

(from 14N) derivate
(old carbon)

7Be cosmogenic 3� 10�2Bq/ton < 10�6Bq/ton distillation or
(from 12C) underground

storage of scintillator

222Rn Air and emanation 100 222Rn atoms 1 222Rn atom Nitrogen stripping
from materials per cm3 air per ton PC

210Pb IV surface minimum exposure
contamination event position ident.

238U suspended dust 2� 10�5g/g < 10�16g/g water extraction
232Th in dust in PC distillation

Knat dust or 
uor 2� 10�6g/g < 10�13g/g water extraction
contamination in dust in scintillator

Argon Air 1 Bq/m3 N2 stripping
85Kr Air 1 Bq/m3 N2 stripping

The scintillator puri�cation system focuses on the removal of these contaminants from the

scintillator solution. Requirements and techniques for di�erent contaminants are summa-

rized in table 2.3. The table was extracted from reference [64], where the reader can �nd a

complete description of the system.

The puri�cation system is composed of four di�erent units; a complex 
uid-handling

system can manage the scintillator in order to purify it either through one single unit or

through several of them in series. The units are intended for pre-�lling as well as online

puri�cation of the scintillator and, if needed, of the bu�er 
uid:

1. N2 counter-current stripping column to remove dissolved gas impurities, particularly

222Rn and 85Kr;

2. water extraction unit, e�ective at removing ionic impurities, such as metals uranium,
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Table 2.4: Radiopurity requirements for water in Borexino and in its Counting Test Facility,
compared to the output of the Water Puri�cation Plant.

238U,232Th [g/g] Knat[g/g]
222Rn [Bq/m3]

Borexino 10�10 10�7 1
CTF 10�13 10�10 10�3

Raw Gran Sasso water 10�10 10�7 104

Output of the water purif. plant 3� 10�14 < 5� 10�11 < 3� 10�3

thorium and potassium;

3. vacuum distillation unit, to remove low volatility and non ionic contaminants, as dust

particles and degraded solvent molecules;

4. �ltration system, to remove suspended dust particles larger than 0:05�m.

The puri�cation techniques have been successfully tested in the CTF (x2.3.2).

2.2.8 The Water Puri�cation System

There are several uses, in Borexino, for ultra-pure water. In the most external detector

layers, it serves the function of shield for 
 and n radiation from the rocks and of �Cerenkov

radiator for cosmic rays. In the scintillator puri�cation system, it plays a fundamental role

in the water extraction process. During the installation phases, it is used to clean all of the

detector's components (cables, phototubes, etc.). Finally, it constitutes the sole shielding in

the Counting Test Facility for Borexino (x2.3), where it comes in contact with the sensitive

volume.

A water puri�cation system has been operating since the startup of the CTF, in 1994;

it puri�es the water from the Gran Sasso mountain reservoir, achieving the levels reported

in table 2.4, where the requirements are also summarized.

The water puri�cation plant is composed of several units running in series; all the pipes

and connections are built of PVC and te
on coated steel. The water is processed by reverse

osmosis, a continuous deionization unit, ultra�ltration and an ion exchanger. The �nal
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step in the water puri�cation process is radon stripping with nitrogen, in a counter-current

column 5 m tall, for the removal of 222Rn.

The plant can operate in two di�erent modes, at the rate of 2 m3/h. In production

mode, it puri�es the raw Gran Sasso water; in recirculation mode, it re-processes the water

that is already in the tank.

A complete and detailed description of the water plant, of its components and of the

techniques can be found in references [65, 66].

2.2.9 Electronics and DAQ

The design of an electronic chain for Borexino has been driven by the following requirements:

� a good energy resolution, in order to identify the neutrino edge in the energy spectrum.

With an average of 400 hits per MeV and 2200 phototubes, the electronics needs to

be able to discriminate single photoelectron signals and record the pulse height for

all the hits, including multiple hits on the same PMT. The dynamic range shall allow

unambiguous detection also for solar neutrinos at higher energies (Emax � 15MeV).

� a good time resolution, which is needed to reconstruct the event position (with time

of 
ight and triangulation techniques) and to disentangle � and � events (using the

scintillator time response). The electronics needs to be able to measure the arrival

time of each photomultiplier hit.

� ability to record multiple sequences of events with delay times as short as 100 ns (such

sequences are also called delayed coincidences and provide unreplaceable tools for the

identi�cation of background events, as I will discuss in x3.4);

� a fully-programmable trigger processor that allows various general phototube hit re-

quirements to be set.

The electronics for data acquisition in Borexino is constructed from custom designed

modules, by our Italian collaborators in Genoa [67], and it is fabricated by a commercial

electronics manufacturer (Laben, s.p.a.).



Chapter 2: The Borexino Experiment 49

2.2.10 Calibration

The calibration program for Borexino [68] covers the energy and time response of the detec-

tor using built-in systems, active tags of trace impurities in the scintillator and the insertion

of known radioactive sources.

1. The pulse timing and gain of each phototube is calibrated by a laser system. Photons

from a laser source are carried by thin quartz �bers connected to each optical con-

centrator, with a light yield corresponding to single photoelectron signals. The outer

muon veto detector is calibrated by a set of blue light LEDs mounted on the inside

wall of the external tank.

2. Natural calibration sources, that can be used to continuously monitor the energy

response, are provided by the 14C present in the scintillator and the 2:2MeV 
�ray

emitted in the capture of cosmogenic neutrons on protons.

3. Optical sources will be used to monitor the scintillator behavior and its transparency.

Light of several di�erent wavelengths will be carried into di�erent regions of the de-

tector by optical �bers coupled to external lasers.

4. In order to interpret the signal strength in terms of an energy, we need a detector

calibration with a point-like source located at a known position. This source can also

be used to calibrate the position reconstruction algorithm. The plan is to insert a small

encapsulated source that can be moved to known positions inside the scintillator, like

the 222Rn source that has been used in the CTF [69].

5. An unambiguous, straightforward test of the overall detector response will be pro-

vided by a calibration with an arti�cial sub-MeV neutrino source with activities in

the megaCurie range. A candidate source is the 51Cr source used by Gallex for its

calibration. It emits a neutrino with 740 keV energy, close to the 7Be neutrino. The

source would be inserted in an existing tunnel under the detector.
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2.3 The Counting Test Facility for Borexino

The real technological challenge for Borexino is the achievement of the low radioactivity

levels required for all the construction materials and the scintillator solution. In order to

prove its ability to satisfy the purity requirements for Borexino, in 1992 the Collaboration

decided to build a Counting Test Facility (CTF). The CTF is a small scale prototype of

Borexino, designed to achieve the following goals:

1. measurement of the 238U and 232Th contamination in the liquid scintillator with an

upper limit of 5� 10�16 g/g;

2. measurement of the Knat contamination in the liquid scintillator with an upper limit

of 10�13 g/g;

3. measurement of the 14C contamination in the liquid scintillator with an upper limit

of 10�18 for the relative concentration 14C /12C;

4. radioactivity screening of the construction materials;

5. test of methods for the puri�cation of scintillator and bu�er 
uids;

6. determination of the scintillator optical properties;

7. implementation of cleaning methods during construction and installation of the de-

tector and of the auxiliary plants.

The Counting Test Facility is not designed to detect neutrinos; in fact, the background

sources for Borexino constitute the signal in CTF. The limited dimensions of the CTF do not

allow us to de�ne a �ducial volume or to measure the total internal counting rate at the level

of 7Be neutrino interactions (0.5 counts/day/ton). Nevertheless, during the running of CTF

we developed analysis techniques to study the total background rate, overcoming as much

as possible the lack of a �ducial volume de�nition. Exploiting the spatial reconstruction of

the events, these techniques allowed to push the CTF sensitivity to � 15 times the neutrino

interaction rate.



Chapter 2: The Borexino Experiment 51

Figure 2.6: The Counting Test Facility for Borexino.

2.3.1 Structure of the CTF Detector

The conceptual design for the Counting Test Facility is the same as Borexino, only with a

smaller mass and a smaller number of shielding layers. The detector sensitive mass consists

of 4 tons of liquid scintillator viewed by 100 phototubes and shielded by � 1000 tons of

ultrapure water.

The external tank is a carbon steel cylinder 10 m tall, with an 11 m diameter. Its

internal walls are coated with Permatex, a black epoxy resin.

The scintillator containment vessel is a sphere with a 2 m diameter; it is horizontally

centered and its middle is vertically located 4.5 m from the bottom of the tank. The inner

vessel sustains a 5 � 103N buoyant force, due to the 12% density di�erence between the

scintillator solution and water. The necessary mechanical strength, combined with optical

clarity and radiopurity requirements, were met by a 
exible ball made of the amorphous
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nylon-6 copolymer Durethan C38F. Nylon sheets 0.5 mm thick were cut in an orange slice

pattern and solvent welded over a spherical frame. An extensive description of the material

properties and the construction procedure will be provided in {5.

The scintillator solution used in CTF is a mixture of PC as solvent and a scintillation


uor, PPO, as solute at a concentration of 1.5 g/l. After its test in CTF the solution has

been adopted as scintillator for Borexino. A description of the main physical and optical

characteristics has been presented in x2.2.1; more details on the light propagation in CTF

can be found in reference [70].

The scintillator mixture is puri�ed by a combination of distillation and water extraction,

for the removal of particulate, and a counter-current 
ow of Nitrogen (stripping) for the

removal of 222Rn. A description of the system is provided in reference [64].

The 
uor is puri�ed with water extraction before being mixed with pseudocumene.

The main concern is potassium in PPO, measured at levels of 2 ppm Knat in the 
uor as

purchased. Contacting the solid PPO with water did not show to remove potassium; the pu-

ri�cation is then performed on a concentrated solution with pseudocumene (200 mg/l) [64].

After a three-fold water extraction, the pseudocumene can be evaporated and the recov-

ered PPO contains 0.4 ppb Knat [71], which contributes about 7 � 10�13 g/g Knat in the

scintillator.

The scintillation light detection is performed by 100 phototubes of the same type as

the ones for Borexino [61] coupled to light concentrators shaped as \Winston cones"[63] of

57 cm length and 50 cm maximum diameter.

The phototubes are mounted on a geodesic open structure, built with electropolished

stainless steel tubes. Unlike Borexino, CTF does not have an inner/outer bu�er structure

and the inner vessel is directly immersed in water. Given the larger surface{volume ratio,

under certain aspects CTF is actually a more delicate experiment than Borexino, since the

inner vessel surface contamination is a more critical issue and the water purity requirements

are higher.

The shield ultrapure water is produced by the same water puri�cation plant that has

been discussed in x2.2.8. Its main function is the reduction of the external background from
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the rocks. The dominant 
-rays are emitted by 208Tl (E
 = 2:6MeV). Since the minimum

path in water is 4.5 m and the absorption length for the 2.6 MeV 
 rays in water is 20 cm,

the minimum reduction factor achieved by the bu�er is 10�9.

The readout electronics is designed so that the trigger signal is given by 6 photomultiplier

hits within a time window of 20 ns. There are 64 channels, 28 linked to single phototubes

and 36 linked to two coupled phototubes. For each channel, an ADC collects and digitizes

the charge signal and a TDC measures the time between the trigger and the signal hit.

Additional features are the acquisition and storage of the shape of the overall pulse, ob-

tained through the analog sum of all the outputs, the pulse shape discrimination, used to

discriminate between � and � events, and the capability to measure the delay between two

subsequent triggers, within 8 ms, using a long range TDC. This feature allows the identi�-

cation of the delayed coincidences between 214Bi and 214Po in the 238U chain (�1=2 = 164�s)

and 212Bi and 212Po in the 232Th chain (�1=2 = 0:3�s). Such correlated events are used to

identify the 238U and 232Th content of the scintillator.

2.3.2 Results from CTF-I

The �rst run of the Counting Test Facility (CTF-I) took place between January 1995 and

July 1997, when the detector was shut down for refurbishing and upgrading. A few interest-

ing results are available from that set of data; here I will summarize only the main results,

while for more details on the technology and on the data analysis I refer to the various

papers published in the past three years [51, 52, 72, 73].

Detector performances. The yield in CTF is equal to 300 photoelectrons per MeV, which

results in an energy resolution of 9% at 751 keV (214Po line). The spatial resolution,

at the same energy, is 12 cm.

�=� separation. The �=� discrimination has been performed, in CTF, by examining the

pulse shape from an analog sum of the signals from all the phototubes. The ratio of

the pulse tail (48{500 ns) versus the total charge collected in the 0{500 ns interval

can be used as a tag to separate � and � events. Figure 2.7 shows a typical scatter
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Figure 2.7: Scatter plot of tail/total charge ratio versus energy in CTF. The �'s from 214Po
(Equenched = 751 keV) can be easily separated from the continuous 214Bi � � 
 spectrum
(charge ratio � 0:2� 0:3). From reference [74].
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Figure 2.8: Radial distribution of scintillation events in CTF, after puri�cation, compared
to the typical distribution of internal events (obtained with 222Rn insertion in the scin-
tillator) and external 
 events (obtained with 222Rn insertion in the water shield). The
radial distribution of scintillator events clearly resembles the external distribution. From
reference [74].
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plot of the tail/total ratio versus energy: the �'s from 214Po can be easily separated

from the continuous 214Bi � � 
 spectrum. At the energy of 214Po (751 keV), the

� rejection eÆciency is �97%, with � misidenti�cation of �2.5%. At lower energies

(300{600 keV), the � identi�cation ranges between 90 and 97%, with an associated �

misidenti�cation of 10% [51].

Measurement of scintillator radiopurity. The Counting Test Facility measured the

scintillator radiopurity at previously unachieved levels.

The concentration of 238U has been inferred from its daughters, using the correlation

214Bi(�)�214 Po(�) with �1=2 = 164�s. There were, however, strong indications that

the observed coincidence rate was not due to the scintillator intrinsic radiopurity, but

rather to the di�usion of 222Rn from the water through the nylon vessel (see x6.4).

The measured delayed coincidence counts due to the combination of intrinsic 238U

and di�used 222Rn is [51]:

238U = (3:5� 1:3)� 10�16 g=g:

The concentration of 232Th was measured through the decay of its daughters and the

delayed coincidence 212Bi (�)�212 Po (�) with �1=2 = 0:30�s. The result is [51]:

232Th = 4:4+1:5
�1:2� 10�16 g=g:

The 14C concentration has been determined by measuring the count rate between 70

and 150 keV and �tting it with the Monte Carlo prediction [73]:

14C=12C = (1:94� 0:09)� 10�18 g=g:

Light propagation. Several measurements have been carried out to better understand

the main features of light propagation in a large scintillation detector. Of special

interest has been the investigation of the absorption and re-emission of light by the


uor (inelastic scattering). This process a�ected �44% of the detected light, with a

corresponding increase of the scintillation decay time, from the 3.5 ns measured in a

small-scale laboratory measurement to 5.5 ns in CTF [70].
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Figure 2.9: Reduction of 210Po due to water extraction as observed in the energy spectrum
from CTF. From reference [74].

Discrimination between internal and external background. The principal source of

background in CTF was 
 activity in the shield water, due to 222Rn and its daughters

dissolved in the shield water at a concentration of about 30 mBq/m3. Such contri-

bution is classi�ed as \external" background, while \internal" background in CTF is

composed of the internal singles rate which includes all other backgrounds not tagged

by coincidence events. The discrimination between internal and external sources has

been performed using the spatial reconstruction and a �t with radial pro�les. Fig. 2.8

shows the radial distributions of internal and external activity, obtained experimen-

tally by an arti�cial enhancement of the radon concentration either in the scintillator

or in the water bu�er. The activity in the scintillator, after puri�cation, is then

compared to these distributions and clearly resembles external (or surface) activity.

The analysis results in < 30 events per day (1�) in the 250{800 keV energy window,

con�rming that there is no evidence for any internal activity at the level of the CTF

sensitivity [74].

Test of the puri�cation system. The CTF activity proved the puri�cation procedures
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e�ective at trace levels of contamination. Evidence for the e�ectiveness came from

both singles and coincidence data.

Fig. 2.9 shows the energy spectrum before and after the puri�cation procedure. The

internal background fell from � 600 events per day to its �nal value of < 30 per day.

The peak at 400 keV that was removed with puri�cation is believed to be due to

210Po which had built up during the scintillator's exposure to radon; the remaining

activity in the �gure is consistent with external 
 activity produced by the known

222Rn concentration in the CTF water.

Using coincidence techniques, we saw the initial trace amount of 85Kr being reduced

by puri�cation, as well. 85Kr has a 0.43% decay branch to the 514 keV isomeric state

in 85Rb (t1=2 = 1:0 �s) giving rise to a � � 
 coincidence. Nitrogen stripping reduced

the coincidence rate from 1:1� 0:2 per day to 0:2� 0:2 per day [52].

Muons. The muon rate in the experimental hall, equal to 1/m2/h, caused a detectable

�Cerenkov production in the water. Special pattern recognition algorithms were deve-

loped in order to identify such events. On the basis of these �ndings, a high eÆciency

muon veto has been included in Borexino [59, 60].

2.3.3 CTF-II

After undergoing some design reviews, the upgraded Counting Test Facility (CTF-II)

will be used as a quality control facility for Borexino, in order to test the purity of each

4 ton scintillator batch before its introduction into the larger detector.

The upgrades have been mainly focused towards a reduction of the \singles" rate seen

in CTF-I and, hence, an improvement in its sensitivity.

The main background source in CTF-I has been identi�ed as the 222Rn concentration

in the water shield, measured at levels of 10� 30mBq/m3.

Such a concentration is enough to justify 222Rn di�usion through the nylon vessel and

into the scintillator (see {6), at a level consistent with the measured 214Bi-214Po coincidence

rate. The inferred result for 238U (x2.3.2) is, then, really an upper limit and we still do not
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know the actual scintillator radiopurity and the limits of the puri�cation system. As I will

discuss in {3, the sensitivity of Borexino to the di�erent mixing scenario will be greatly

enhanced if the 238U level is lower, at the level of 10�17g/g.

Another problem related to 222Rn in the water is the high 
 background in the scin-

tillator, which dominated the energy spectrum in CTF-I and e�ectively impaired any kind

of energy spectroscopy analysis. In particular, an important and still unsolved question is

that of the 40K content in the scintillator: the only signature to identify it is in the energy

spectrum. 40K decays � with 89:3% BR, with Q=1.3 MeV, and in the remaining 10:7%

BR produces a 1.46 MeV gamma. The high external background rate did not allow us

to identify either the � shape or the 
 peak; an upper limit has been calculated from the

absence of a peak at 1.46 MeV and it is [75]:

Knat < 2:4� 10�11g=g (90% C:L:): (2.3)

This limit is two order of magnitude higher than the goal (set at 10�13g/g). The only way to

improve it is to maintain a low singles rate, which is possible only if the 222Rn concentration

in the water outside the scintillator vessel is maintained at levels of 1 mBq/m3 or lower. Note

that a lower limit on the potassium content in the CTF scintillator, after distillation and

water extraction, has been measured by our Munich collaborators with neutron activation

analysis [71]:

Knat < 4� 10�12g=g: (2.4)

The method used in CTF-II to control the 222Rn level in water consists of installing a

nylon screen between the scintillator vessel and the phototubes. This second vessel will act

as a barrier against the 222Rn that emanates from the various detector components (mainly,

the phototubes and Permatex, the resin coating the tank walls). At that point, the ultimate

limit to the 222Rn concentration in water will come from the water's own 226Ra content.

A second major upgrade consists of a partial muon veto, built with upward looking

phototubes mounted on the 
oor of CTF, for a more eÆcient identi�cation of the muon

events [76].
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Monte Carlo Study of Backgrounds

in Borexino

3.1 Monte Carlo code for Borexino

This chapter reviews the results of a Monte Carlo study of the expected neutrino signal

and background in the Borexino detector. The Monte Carlo code for event simulation

in Borexino has been developed in Milan and it is divided in three parts. GENEB [77,

78] simulates the physical events in terms of energy deposits in the scintillator, while the

tracking code [79] transforms the energy deposits into emitted photons and propagates them

throughout the detector. Once the event is simulated as a charge and time signal at the

phototubes, the �tter code [80] can be used to reconstruct the original event position, with

the same procedure that will be followed for the real data. The fundamental assumptions

behind the three portions of the Monte Carlo code are summarized here.

3.1.1 GENEB: GEneration of NEutrino and Background

Solar neutrinos interact in Borexino via the scattering reaction �xe
� ! �xe

�, which pro-

duces electrons with kinetic energy ranging from 0 to approximately 18 MeV; the upper

limit is set by the hep neutrino interaction. In addition to this signal, the natural radioac-

tivity of the scintillator and the materials of construction of the detector induce background

events of type � + 
 (energy range: 0{5 MeV) and � (energy range: 3{9 MeV).

59
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GENEB propagates individual particles and provides a detailed study of electromagnetic

showers in Borexino:

� particles: given their high stopping power, we can assume they deposit all their energy

at once in the position where they are produced. No \propagation" is, thus, necessary;

� and 
 particles : they both produce electromagnetic showers. GENEB uses EGS4 [81]

to carry out their propagation inside the detector.

Processes that are taken into account for electrons are:

� M�oller scattering (e�e� ! e�e�);

� Bhabha scattering (e�e+ ! e�e+);

� positron annihilation (e�e+ ! 

);

� Bremstrahlung emission (e�N ! e�
N);

� elastic scattering from atoms (e�N ! e�N);

� ionization energy loss (e�N ! e�N�e�).

EGS4 propagates electrons until they reach the cuto� energy of 10 keV. In the energy

range of interest for Borexino, the most relevant processes are M�oller and multiple

elastic scattering; Bremstrahlung a�ects only a few percent of the events. The typical

path length for a 1 MeV electron is of the order of � 1 cm, which we can consider

negligible in Borexino, given the resolution (13 cm at 1 MeV). For this reason, electrons

that do not undergo Bremstrahlung are treated as point-like.

Processes that a�ect photons in EGS4 are:

� photoelectric e�ect (
N ! e�N�);

� Compton scattering 
e� ! 
e�, largely dominant in the energy region of interest

for Borexino;

� pair production 
 ! e+e�.
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The cuto� energy for photon propagation is 5 keV. In the detector, gamma rays

generate large, extended showers: the average dimension of a shower generated by a

1 MeV 
 ray is 40 cm.

neutrino events : they are simulated in GENEB according to the theoretical energy

distribution of the Standard Solar Model [8]. Once the energy E� is chosen, the

program decides whether the interaction took place, according to the integrated cross

section:

�tot =

Z Tmax

0

d�(q; T )

dT
dT; (3.1)

where Tmax is the maximum kinetic energy of the recoil electron and the di�erential

cross section is given by eq. 3.3. If the interaction does take place, GENEB proceeds

with the propagation of the scattered electron through EGS4.

3.1.2 Tracking

The tracking code converts energy deposits in the scintillator into optical photons and

follows each of them in its propagation inside the detector, until it is absorbed or it reaches

the phototubes. The tracking procedure takes into account the processes studied in CTF

and described in reference [70]:

{ scintillation decay with four decay components, as indicated in equation 2.2,

{ absorption/reemission process in the scintillator,

{ photon absorption,

{ Rayleigh elastic scattering in the scintillator and in the bu�er,

{ re
ection on surfaces and the quantum eÆciencies of pseudocumene, PPO and the

phototubes.

The light collected on the photocathodes is then converted into a time and charge signal,

thus simulating the real data collection.
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Figure 3.1: Fractional energy resolution in Borexino, simulated for electron, point-like
events.

Figure 3.1 shows how the resulting energy resolution of electron events varies, in Borex-

ino, as a function of their energy, while table 3.1 summarizes some of the main parameters

included in the simulation.

3.1.3 Reconstruction

In order to perform �ducial volume cuts and external background reductions, it is important

to have a good position �tter code that, given the charge and time signal at the phototubes

for each event, calculates the event position.

The existing �tter is essentially a vertex reconstruction, based on the principle that the

shape of the time signal distribution depends on the distance between the event and the

detector's center. The idea is to use the phototube hit time signal to calculate the event

coordinates from the photons' time of 
ight and to maximize (with the resources of the
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Table 3.1: Parameters in the Monte Carlo tracking code.

Photomultiplier Tubes:

cathode radius 0.095 m
curvature radius 0.11 m
time jitter 1 ns
quantum eÆciency 20%
Practical coeÆcient 0.6

Light Guides:
Radius of entry aperture 0.157 m
Radius of exit aperture 0.095 m
Length 0.230 m
Re
ection coeÆcient 90%
E�ective coverage 30.6%

Liquid Scintillator:
Formula PC+PPO (1.5 g/l)
Refractive index 1.505
Photon yield 1:2� 104 photons/MeV
Absorption length:
� = 340 nm �abs = 3:1 m
� = 380 nm �abs = 5:1 m
� = 420 nm �abs = 7:8 m
� = 460 nm �abs = 8:2 m
Rayleigh elastic scattering:
� = 340 nm �scatt = 1:6 m
� = 380 nm �scatt = 4:1 m
� = 420 nm �scatt = 6:6 m
� = 460 nm �scatt = 11:1 m

Scintillator decay curve S(t) =
P

i
qi
�i
e�t=�i

response to � and 
 excitations:
�1 (q1) 3.574 ns (89.5%)
�2 (q2) 17.61 ns (6.3%)
�3 (q3) 59.49 ns (2.9%)
�4 (q4) 330.4 ns (1.2%)

response to � excitations:
�1 (q1) 3.254 ns (63.0%)
�2 (q2) 13.49 ns (17.8%)
�3 (q3) 59.95 ns (11.9%)
�4 (q4) 279.1 ns (7.3%)
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Figure 3.2: Spatial resolution in Borexino for electrons of di�erent energies, simulated at
various locations inside the scintillator volume

MINUIT code [82]) the likelihood function:

L(tev; ~rev) =
Y
i

f(ti; tev ; ~rev): (3.2)

The probability density function f(ti; tev ; ~rev) (p.d.f.) describes the probability that a pho-

ton detected at time ti by the ith phototube has originated in the space-time coordinates

(tev ; ~rev). It takes into account the properties of scintillator (index of refraction, decay

time, absorption/reemission and scattering probability) and phototubes (time jitter, spa-

tial coordinates). At this stage, the p.d.f. is calculated with the Monte Carlo method; a

more realistic distribution will be provided by a calibration source in the detector. Figure

3.2 shows the resulting spatial resolution as a function of energy, for point-like events at

di�erent positions inside the detector.

More e�orts are in progress, within the Borexino collaboration, towards the development
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of methods to improve the reconstruction of events close to the surface and the identi�cation

of extended electromagnetic showers, typical of external background.

3.2 Neutrino Energy Spectra in Borexino

The main sources of neutrino production in the Sun are the pp reaction (Emax = 0:42MeV),

7Be electronic capture (E1 = 0:383MeV and E2 = 0:861MeV) and 8B decay (Emax =

15MeV). Borexino is designed to have a high sensitivity for 7Be neutrinos; 8B neutrinos

can be detected, despite the low statistics, with energy threshold of 3.5 MeV (see x4.3),

while the pp neutrino signal is in an energy region dominated by 14C background.

The solar neutrinos interact in the detector by electron scattering:

� + e� ! � + e�;

where an electron of energy in the range 0{15 MeV is produced in the �nal state. Therefore,

any interaction involving an electron or a 
 in this energy range is a potential \neutrino

candidate". Events induced by natural radioactivity in the scintillator or in the materials

surrounding it are e�ective background sources for neutrino detection.

The neutrino-electron scattering cross sections are well known in the Standard Model.

The �rst order di�erential cross section formula for ��e scattering was originally calculated

by t'Hooft in 1971 [83]:

d�

dT
= �0

"
g2L + g2R

�
1�

T

q

�2
� gLgR

T

q2

#
; (3.3)

where:

gR = sin2 �W ;

gL = +
1

2
+ sin2 �W for �e � e� interactions;

gL = �
1

2
+ sin2 �W for �� � e� interactions:

T is the kinetic energy for the scattered electron, q is the neutrino energy, sin2 �W = 0:23

and

�0 =
2GF

2m2
e

��h4
= 88� 10�46 cm2:
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For a given neutrino of momentum q, the total cross section is given by:

�(q) =

Z Tmax

0

d�

dT
:

Radiative corrections have not been introduced in the code, yet; they would result in a

modi�cation of the recoil electron spectrum and of the integrated cross section of the order

of 2% or less.

In the case of neutrino oscillations, the solar energy spectrum of the neutrino for a given

source, predicted by the Solar Standard Model, is multiplied by a survival probability P(E):

���(E)on earth = [1� P (E)]�(E)sun;

��e(E)on earth = P (E)�(E)sun:
(3.4)

GENEB has been implemented with the capability to simulate the neutrino signal in Borex-

ino in the following scenarios [84]:

MSW Small Angle: �m2 = 5:4� 10�6 eV 2, sin2 2� = 5:5� 10�3;

MSW Large Angle: �m2 = 1:8� 10�5 eV 2, sin2 2� = 0:76;

MSW LOW: �m2 = 7:9� 10�8 eV 2, sin2 2� = 0:96;

vacuum oscillations: �m2 = 6:5� 10�11 eV 2, sin2 2� = 0:75.

The expected neutrino signal rates and energy spectra in Borexino, calculated from the

theoretical 
ux predictions of the BP98 SSM [11] are shown in table 3.2 and in �gure 3.10,

where the 7Be neutrino manifests its Compton shoulder. Given these spectra, two energy

windows have been identi�ed: the \neutrino window", between 0.25 and 0.8 MeV, for 7Be

neutrinos and the \pep window", between 0.8 and 1.3 MeV.

The SSM 
ux of 7Be �e would give rise to 46 events/day in a �ducial volume of 100

metric tons, in the energy window 0.25{0.8 MeV. In the 
avor oscillation scenarios, where

some of the �e 
ux has been converted into another 
avor, the count rate will be smaller

since the ��; �� scattering cross-sections are about a factor of 5 lower. The two best-�t MSW

solutions which satisfy the existing experiments predict signal rates of 26 events/day for

the large-angle MSW solution and 10 events/day in the case of small-angle MSW mixing.

In the latter, practically all of the �e 
ux at the 7Be energy has been resonantly converted

into either �� or �� .
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Table 3.2: Predicted solar neutrino event rates in Borexino in three energy windows for
4 scenarios: the Standard Solar Model (SSM), large mixing angle MSW solution (LMA),
small mixing angle MSW solution (SMA) and LOW. The rates are calculated for the mean
Sun-Earth distance, in a 100-ton �ducial volume. The theoretical 
uxes, with their 1�
uncertainties, are taken from the BP98 SSM [11].

Recoil Energy Neutrino 
ux SSM LMA SMA LOW
MeV Source 1010 cm2s�1 ev/day ev/day ev/day ev/day

all E pp 5.94 (� 1%) 197 137 167 111
7Be 0.480 (� 9%) 80 45 18 44
pep 0.0139 (� 1%) 4.5 2.2 0.9 2.3
13N 0.0605 (� 19%) 8.3 4.8 1.9 4.3
15O 0.0532 (� 22%) 11 5.7 2.3 5.7
17F 6:33� 10�4 (� 12%) 0.13 0.07 0.03 0.07
8B 5:15� 10�4 (� 19%) 1.15 0.43 0.56 0.58

total 302 195 191 168

0.25{0.8 pp 1.3 1.0 0.6 0.6
7Be 45.7 26.0 9.7 25.1
pep 2.0 1.0 0.4 1.0
13N 4.2 2.3 0.9 2.3
15O 5.5 2.8 1.1 2.8
17F 0.07 0.03 0.01 0.03
8B 0.10 0.04 0.05 0.05

total 59 33 13 32

0.8{1.3 pep 1.5 0.7 0.3 0.8
13N 0.2 0.10 0.04 0.11
15O 1.9 0.9 0.3 1.0
17F 0.02 0.011 0.004 0.011
8B 0.07 0.03 0.04 0.05

total 3.6 1.8 0.7 1.9
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It is interesting to consider also the monoenergetic pep neutrinos. If in Borexino one

were to look for electron recoils with energy 0.8{1.3 MeV, the calculated signal rate for the

SSM-predicted pep neutrino 
ux would be 1.5 events/day in a target mass of 100 metric

tons. Thus, a measurement of the pep neutrino 
ux in Borexino could be feasible if the

backgrounds turn out to be suÆciently low in this energy window. Note that the neutrinos

produced by the CNO cycle also create electron recoils in this energy window, with a rate

of 2 events/day, and make the pep neutrino signature even harder to discern. Table 3.5 lists

the neutrino interaction rates for several physics scenarios and for several �ducial volume

sizes.

3.3 External Background

The Borexino detector has been designed with the goal of screening the �ducial volume

from 
 environmental radioactivity. The strategy we employed consists of constructing

the detector with materials of progressively higher radiopurity as we approach the �ducial

volume at the center of the detector. We de�ne as \external" the background due to 


radioactivity in materials outside the inner vessel.

3.3.1 
 Environmental Radioactivity

The main background source in Borexino is the naturally occurring uranium, thorium and

potassium in any material. Figures 3.3 and 3.4 show the radioactive chains of 238U and

232Th: each contains several 
-emitting daughters. The overall 
 spectrum for both families

is shown in �gure 3.5, where secular equilibrium is assumed within the chain.

The most relevant peaks are 208Tl at 2.6 MeV and 228Ac at 0.9 MeV in the 232Th chain

and the 214Bi lines at 1.7 and 1.1 MeV in the 238U chain.

40K is also a concern for external background, with its 1.46 MeV 
 line (10.7% B.R.).

Although potassium is a widespread contaminant, due to its chemical aÆnity with sodium,

the radioactive isotope 40K has a relatively low abundance, equal to 0.0117%; as the si-

mulation will show, it represents a problem only in sources close to the inner vessel, such
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Figure 3.3: 238U radioactive chain.
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Figure 3.5: 
 spectra of the 238U and 232Th families, in the hypothesis of secular equilibrium
within the chains. For each decay of the progenitor, there are, on average, 3.62 events with

 emission in the 238U chain and 4.14 in the 232Th chain. A good portion of these events
emit multiple 
's, hence the total average number of 
-rays produced per each decay of the
progenitor is 4.4 in the 238U chain and 6.3 in the 232Th chain.
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Figure 3.6: Decay schemes for 40K and 60Co.
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Table 3.3: 
 ray 
ux from the walls in Hall C [85].

Isotope Energy (MeV) Flux (m�2�d�1)

40K 1.460 3:8� 107
214Bi 1.120 1:4� 107
214Bi 1.764 1:7� 107
228Ac 0.911 0:48� 107
208Tl 2.614 1:35� 107

Total 8:7� 107

(n,
) reactions � 8 � 1:0� 102

as the nylon endcaps and the ropes for the hold-down system (see also discussion in x8.3).

Another potential danger comes from 60Co: it typically can be found in stainless steel

and it produces two 
 lines with energies of 1.33 and 1.17 MeV. The decay schemes for 40K

and 60Co are shown in �gure 3.6.

3.3.2 External Background Sources in Borexino

The 
 activity emanated from the rock walls of the laboratory has been measured [85] and

the total 
ux is equal to 1:5� 108 
=m2=d. Among these, the only penetrating components

are a few high energy lines, mainly from 208Tl, 214Bi and 40K, that contribute 54% of the

total 
ux; they are listed in table 3.3. The table also reports a higher energy component

(� 8MeV), due to neutron capture in the rocks; its 
ux is several orders of magnitude lower

than the others.

All of the detector components, such as the phototubes, the vessel material and the

bu�er 
uids, also need to be included in the estimation of the external background in

Borexino. Table 3.4 summarizes all the known or assumed radiopurity levels, while �gure

3.7 shows the distribution of 
 sources inside the detector.
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Figure 3.7: Radial distribution of \external" 
 sources in Borexino, in the region between
the inner vessel and the stainless steel sphere. IV and OV are the inner and outer vessels,
LGs are the light cones, PMTs the phototubes and SSS the stainless steel sphere. The total
activity from each component is reported in table 3.4.

3.3.3 Behavior of External Background

Each 
 ray propagating through the detector generates an electromagnetic shower and de-

posits its energy in several di�erent interaction points. Typical average values of electromag-

netic shower extension, 
 attenuation length in pseudocumene and number of interactions

for 
's at di�erent energies are:


 energy shower extension attenuation length number of interactions

0.5 MeV 35 cm 19.5 cm 19.5
1.0 MeV 39 cm 26 cm 22
1.46 MeV (40K) 40 cm 27.5 cm 24
1.76 MeV (214Bi) 41.5 cm 30 cm 25
2.6 MeV (208Tl) 43 cm 36 cm 30
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While a few high energy 
 rays can reach the scintillator with their full energy, most of

the external background consists of tail of electromagnetic showers that start outside the

inner vessel and contribute only low energy interactions in the most external regions of the

sensitive volume.

The position of an external background event is not that of a point-like interaction, as

it is for � or � or � events, but it can be described as a shower energy-weighted \center of

gravity", where each interaction point is weighted by the number of detected photoelectrons

it originates. The event position provides us with an essential handle on external background

events, allowing us to reject them with a �ducial volume cut. This concept is illustrated in

�gure 3.9, where one can see the radial distribution of the external background activity and

of the SSM neutrino signal for events which deposited energy between 0.25 and 0.8 MeV.

3.3.4 Monte Carlo Simulation

I performed a detailed Monte Carlo simulation of all the expected sources of external back-

ground. The simulation follows the propagation of 
 rays throughout the detector. For

the outer sources, that is the rocks, the stainless steel sphere, the phototubes and the light

cones, the propagation of each photon proved to be a very expensive process and it was dif-

�cult to achieve a signi�cant simulation statistics in reasonable computing times. I solved

this problem implementing a modi�cation to the GENEB code. The GENROX method

consists of propagating the 
 rays one by one, with EGS4, in a layer of, typically, 1 m of

material in the outer detector regions and then record the residual energy spectrum and the

distribution of the initial direction of propagation for the 
's that have not been absorbed

by the 1 m layer. These spectra can then be used as input for a new 
 generation, starting

at the position where the previous ended. This way, the simulation statistics can be greatly

ampli�ed. Figure 3.8 shows a comparison of the energy spectra and the radial distributions

obtained with this method and with the direct EGS4 propagation of 5 � 107 2.6 MeV 


events from 208Tl (232Th chain) in the phototubes. The agreement is better than 10%. For


 rays generating within 1 m from the inner vessel this has not been necessary and I could

obtain a good simulation statistics in reasonable computing times.
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Figure 3.8: Simulation of 2.6 MeV 
 events in the phototubes, performed with the GEN-
ROX method (continuous line) and with direct EGS4 propagation (marks). The GENROX
simulation has been normalized to the statistics of the direct propagation (5� 107 events).
The error bars are based on Poisson statistics for the direct propagation.
Top: comparison of the energy spectra in 300 tons (whole sensitive volume) and in 200 tons
(large �ducial volume). The agreement is better than 10%.
Bottom: comparison of radial distributions for events that deposited in the scintillator an
energy in the 0.25{0.8 MeV window. The position is an energy-weighted average of the
shower interaction points.
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energy window 0.25{0.8 MeV.

The resulting external background event rates in di�erent �ducial volumes, compared

to the predicted neutrino signal in Borexino, are reported in table 3.5, while �gure 3.10

shows the corresponding energy spectra in a 100 ton �ducial volume. The position cuts are

performed on the center of gravity of the detected light.

Figure 3.11 is a graphical representation of the external background behavior: it consists

of a position-energy distribution of external background events collected over ten days of

data acquisition. The dotted box constitutes the residual area, on this scatter plot, after

energy and �ducial volume cuts. The fact that it is empty (less that 10�4 events in each

50 keV{5 cm bin is recorded as zero) is an illustration of the e�ectiveness of the �ducial

volume cut in rejecting external background counts.

The major contribution to the total external background rate comes from the photomul-

tiplier tubes (see table 3.5). They account for about half of the total external background in

the \neutrino" window 0.25{0.8 MeV. By placing the phototubes far from the inner vessel

and with a proper choice of the other components for low radioactivity, we have reduced the
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Figure 3.10: Energy spectrum of neutrino signal and external background in a 100-ton �du-
cial volume, in a detector with perfect spatial resolution, according to the radiopurity levels
in table 3.4. The integrated count rates in di�erent energy windows and with alternative
�ducial volume cuts are reported in table 3.5.
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Figure 3.11: Position{energy distribution of external background events collected over ten
days of data acquisition. The dotted box at the lower left corresponds to the window of
interest for 7Be neutrinos in Borexino. The color code on the right is the log10 of the
expected number of events in each 50 keV{5 cm bin.
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Table 3.6: Expected 
 background rates from the light cones (events/day). I assumed
10 ppb 238U, 6 ppm Knat and a 232Th concentration of 50 ppb for the \Highpural", 220 ppb
for the regular Al and 135 ppb for the current design, with 50% cones form each type of Al.
For comparison, I also report the background from the phototubes.

250� 800keV 800� 1300keV
Component 100 t 130 t 160 t 200 t 300 t 100 t 130 t 160 t 200 t 300 t

\Highpural" 0.02 0.14 1.0 8 377 0.18 0.8 3.5 15 205
Regular Al 0.09 0.54 3.7 28 1414 0.68 2.9 13.2 55 783
50% design 0.05 0.34 2.3 18 896 0.43 1.9 8.3 35 494

Phototubes 0.08 0.39 3.6 28 1294 0.54 2.4 11.1 50 658

external background rate to the desired, acceptable level; it was the phototube placement

that dictated the necessary geometry for the detector.

We recently realized that the light collectors constitute a more serious background source

than originally thought. Our German collaborators have identi�ed a high purity aluminum,

\Highpural", with 50 ppb 232Th, 10 ppb 238U equivalent (below and including 226Ra) and

<6 ppm Knat. The secular equilibrium in the 238U chain is broken, at the level of 226Ra, and

only the lower part of the chain emits penetrating 
 rays. This material would represent a

good choice for the light collectors; unfortunately, not enough material is available for the

production of 1870 light cones and, due to schedule and budget constraints, we will probably

be forced to use a di�erent type of Al, with a 4.2 times higher 232Th concentration (220 ppb).

This contamination is measured with Ge counters, which detect the 2.6 MeV 
 line and

calculate the 232Th equivalent concentration; due to this 2.6 MeV line, 232Th dominates

the external background from the cones. The current proposal is to use 50% of the clean,

\Highpural" material and 50% of the regular Al. I report in table 3.6 the Monte Carlo

predictions for the external background from the light cones as a function of the material

used, compared to that from the phototubes. The increased 232Th activity of the light

collectors makes them a background source comparable to the phototubes.

The radiopurity of the inner vessel and its auxiliary components are discussed in larger

detail in x8.1 and in x8.3. To the purposes of this discussion I have quoted, in table 3.4,
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Table 3.7: Radiopurity of DMP (the quencher), as measured by Tama on a sample that
has not been puri�ed, and diluted concentration in the bu�er. The last column shows the
design goal values, calculated from the requirement that the bu�er contributes at most 1/10
of the background from the phototubes.

Component measured diluted in bu�er design goal

238U 0.6 ppt 3� 10�15 g/g 1.5 ppt
232Th 0.08 ppt 4� 10�16 g/g 0.5 ppt
Knat 160 ppb 1� 10�9 g/g 3 ppb

expected values on the basis of the existing measurements. The major potential problems

in these components are potassium in the endcaps and in the ropes and the purity level of

the steel used in the outer vessel endcaps.

In the external background estimate, the quantity of radon in the bu�er 
uid was chosen

as 1 mBq/m3. This value is more than 103 above the concentration that would result from

secular equilibrium in the 238U chain, based on our knowledge of the low level of uranium

impurity in pseudocumene. However, radon emanation from the phototubes, light collectors

and cables may result in radon in the bu�er. The level assumed is a conservative estimate

and from table 3.5, we see that at this level, radon in the bu�er accounts for roughly one-

quarter of the total external background rate. The Monte Carlo was performed with this

high concentration to examine a worst-case scenario in which a radon emanation source

might be present in the bu�er region. The radon concentration in the bu�er is expected to

be much lower than this due to the radon barrier that will be employed in Borexino.

A remark should be made on the radiopurity of DMP, the quencher that will be dissolved

in the bu�er with a concentration of 5 g/l. A recent measurement, performed with ICP-MS

by Tama Chemicals Co. (see x8.1.1) yielded a high potassium content in DMP as purchased.

In table 3.7 I report the measured contaminations in DMP, the corresponding activities in

the bu�er, after dilution, and the maximum allowed DMP radiopurity, calculated from

the requirement that the bu�er contributes at most 1/10 of the background rate from the

phototubes in the 7Be and in the pep neutrino windows. A puri�cation procedure for the
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DMP is now being tested, in order to reduce its potassium content by at least a factor 50.

3.3.5 Alternative Geometries

I investigated the advantages and the feasibility of a larger sensitive volume. This could be

achieved either by enlarging the inner vessel or by mixing the inner bu�er with 
uors in-

stead of quencher. In principle, a larger scintillator volume would only be an improvement,

sensibly increasing the statistics for solar neutrinos and other sources, such as geophysical

or Supernova neutrinos. The internal background (see x3.4) would scale with the scintil-

lator volume and the total signal/noise ratio would change only because of the external

background.

With a larger sensitive volume, the passive shielding layer would be thinner and there

would obviously be an overall increase of the external background rate. However, the

added scintillator layer would work as an \active veto" for the external 
's, detecting energy

deposits in its outer regions. In this scenario, the 
 rays that penetrate in the �ducial volume

have more energy than the 7Be neutrinos; all the others produce an energy-weighted center

of gravity shifted to a larger radius. Consequently, the background spectral shape in the

inner regions would be depleted of low energy events, and we would be allowed to consider

a much larger �ducial volume.

There are complications related to the handling of a larger mass of ultrapure liquid

scintillator; a possible alternative to enlarging the inner vessel is to replace the quencher

with 
uors, in the inner bu�er. This way, the stricter purity requirements would apply

to the 300 tons inside the inner vessel and not to the extended scintillator volume. In

this con�guration, the ultimate limit to the allowed �ducial volume would be set at 4 m,

25 cm away from the inner vessel (a 
 source itself), for a �ducial mass and, consequently,

a statistics 2.4 times higher than in the 100-ton presently considered.

Figure 3.12 is an illustration of this concept: for di�erent values of the scintillator radius,

here labeled as RIV , I plot the signal to noise ratio in the 250{800 keV energy window. The

signal is the SSM prediction for 7Be neutrino, while the noise is the external background.

A nylon vessel at R = 4:25m is included in the calculation. As one can see, in the present
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SSM neutrino vs γ external background, signal/noise ratio - 0.25-0.8 MeV
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Figure 3.12: Signal (SSM neutrino) to noise (external background) ratio, in Borexino, as a
function of the �ducial volume radius, for di�erent values of the scintillator radius.

design, with RIV = 4:25m, the ratio becomes smaller than 1 at a �ducial volume radius of

3.9 m, but if we have a scintillating volume between inner and outer vessel (RIV = 5:25m

in the plot) the ratio is still equal to 10 at a �ducial volume radius of 4 m.

All this is meaningful in a detector with perfect spatial resolution. In reality, there are

two major problems:

1. In the current design, a larger scintillator volume would result in a very inhomoge-

neous detector. Figure 3.13 shows a Monte Carlo simulation of point-like events at

di�erent positions inside the detector. The �gures are scatter plots of the number

of photoelectron (that is, detected energy) versus the position of the source events,
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(a) Inner vessel radius = 4.25 m (b) Inner vessel radius = 5.25 m

Figure 3.13: Simulation of the detector response to monoenergetic point-like events gen-
erated at di�erent position in the vessel. In abscissa is the radius at which the events
are generated, in ordinate is the signal intensity, expressed as number of detected photo-
electrons. The response starts falling at around R=4.25 m, with the existing light cone
design.

for a 4.25 and a 5.25 m inner vessel radius. The energy response is very similar in

the two cases, in the inner volume, but it becomes very inhomogeneous in the region

outside 4.25 m. An interpretation of events in this region would be very diÆcult. This

problem could in principle be solved by changing the shape of the light cones, in order

to get an homogeneous response in the larger vessel, at the cost of a loss in coverage

and, consequently, in energy resolution [86]:

scintillator cone cone coverage
radius length radius

4.25 m 22.9 cm 15.7 cm 30.6%
4.50 m 20.8 cm 15.1 cm 28.1%
5.25 m 13.9 cm 13.1 cm 20.7%
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Figure 3.14: event display for a 1.46 MeV 
 originated by 40K in the phototubes, from two
di�erent view angles. The vertical line and the yellow dots mark the 4.25 m inner vessel
position, while the magenta dots are the phototubes. The larger blue dots are phototubes
with one hit. The black star is the center of gravity of detected light, while the red star,
shifted towards the center, is the reconstructed position.

2. The position resolution from the existing reconstruction code is not suÆcient for low

energy external background events close to the vessel; with a larger vessel, there is a

noticeable increase of the number of events that are badly reconstructed and pushed

to the center of the detector. Figure 3.14 shows one of such events: it is a simulated

1.46 MeV 
 from 40K in the phototubes. It released most of its energy in the inner

bu�er, with a center of gravity at 4.50 m. The energy actually released in the 4.25 m

scintillator was 0.13 MeV, all close to the vessel surface, with a photoelectron center

of gravity at 4.16 m (black star in the event display). The reconstruction code pushed

this event at the center of the detector, at 2.28 m radius (red star in the event display).

It turns out that with the larger scintillator volume the signal to noise ratio is actually

worse, if the �ducial volume cut is performed on the reconstructed position. This

statement is illustrated in �gure 3.15. This problem will hopefully be solved with
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Figure 3.15: SSM prediction vs external background from the phototubes, as a function of
the �ducial volume radius, for the 4.25 m vessel and for a larger inner vessel, with �ducial
volume cuts performed on the center of gravity of the light (continuous lines) or on the
reconstructed position (dashed lines). The signal to noise ratios, in the second case, are
worse for the larger vessel.

an improved p.d.f. in the reconstruction code and with the implementation of more

complex tags for the external background.

These combined considerations have convinced the collaboration not to change the light

cone geometry and the composition of the inner bu�er 
uid.

3.4 Internal Background

The background from internal radioactivity, intrinsic to the scintillator, is a more critical

concern than the external 
's. The �ducial volume cut used to reject external backgrounds

is very powerful and could be made even more restrictive by shrinking the �ducial volume.
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Although there are some cuts, in the data analysis, that reject a good portion of internal

background counts, in principle the internal radioactivity can be really reduced only by

puri�cation.

The most signi�cant sources of internal activity in Borexino are likely to be 238U, 232Th

and 40K. I estimated the internal background rates and spectra in Borexino, using the

concentration of metal impurities measured in CTF [51]:

- 238U and 232Th � 10�16 g/g;

- Knat at 10
�14 g/g (this limit was not actually proven);

- 14C/12C= 10�18 [73].

In addition to 
 rays, the � and � activity in the scintillator must be included. Table

3.8 lists the contribution from each source of internal background, showing all the daugh-

ter isotopes in the 238U and 232Th chain individually; the rates are given in background

counts/day, both in the 7Be neutrino window and the pep neutrino window. In the following

discussion, the focus will be on the 7Be neutrino window, 0.25{0.8 MeV.

The raw background count rate is high, coming mostly from the large � activity in the

238U and 232Th chains. In liquid scintillators, the light output is quenched by a factor of

about 10 for � particle scintillation; as a result, an � with energy around 5 MeV resembles

a 500 keV electron energy deposit, thus appearing in the neutrino window.

In the data analysis, three techniques are used to reject some of the internal background

counts.

1. correlated events (CE): the method consists of tagging delayed coincidences in the

U and Th decay chains. In the U chain, there is a �{� decay sequence from 214Bi{

214Po, separated by t1=2 = 164 �s. In the Th chain, the delayed coincidence is for �{�

from 212Bi{212Po, separated by t1=2 = 0:30 �s. These were the delayed coincidences

used in CTF to identify U and Th impurities in the scintillator. In Borexino, these

events (both � and �) are easily rejected when they are observed as a coincident

signal. In table 3.8, a detection eÆciency of 95% for the delayed coincidence was
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Table 3.8: Internal background and di�erent cuts: rates (events/day) in the 100-ton �ducial
volume, assuming a perfect spatial resolution detector and the following scintillator contam-
inations: 238U and 232Th at 10�16 g/g; Knat at 10

�14 g/g. The applied cuts are described
in the text.

250� 800keV 800� 1300keV
isotope raw CE PSD SS raw CE PSD SS

(95%) (90%) (95%) (95%) (90%) (95%)

� + 
:
234Th 0 0 0 0 0 0 0 0
234Pa 3.9 3.9 3.9 3.9 3.4 3.4 3.4 3.4
214Pb 9.3 9.3 9.3 0.5 1.0 1.0 1.0 0.05
214Bi 0.5 0.02 0.02 0.02 0.5 0.02 0.02 0.02
210Pb 0 0 0 0 0 0 0 0
210Bi 6.4 6.4 6.4 6.4 0.8 0.8 0.8 0.8
228Ra 0 0 0 0 0 0 0 0
228Ac 0.3 0.3 0.3 0.3 1.1 1.1 1.1 1.1
212Pb 3.1 3.1 3.1 0.2 0 0 0 0
212Bi 0.8 0.04 0.04 0.04 0.7 0.04 0.04 0.04
208Tl 0 0 0 0 0 0 0 0
40K 1.5 1.5 1.5 1.5 0.4 0.4 0.4 0.4

total � + 
: 25.8 24.6 24.6 12.9 7.9 6.8 6.8 5.8

�:
238U 10.6 10.6 1.1 1.1 0 0 0 0
234U 10.6 10.6 1.1 1.1 0 0 0 0
230Th 10.6 10.6 1.1 1.1 0 0 0 0
226Ra 10.6 10.6 1.1 1.1 0 0 0 0
222Rn 10.6 10.6 1.1 0.05 0 0 0 0
218Po 10.6 10.6 1.1 0.05 0 0 0 0
214Po 3.2 0.2 0.02 0.02 7.4 0.4 0.04 0.04
210Po 10.6 10.6 1.1 1.1 0 0 0 0
232Th 3.4 3.4 0.3 0.3 0 0 0 0
228Th 3.5 3.5 0.4 0.4 0 0 0 0
224Ra 3.5 3.5 0.4 0.02 0 0 0 0
220Rn 3.5 3.5 0.4 0.02 0 0 0 0
216Po 3.5 3.5 0.4 0.02 0 0 0 0
212Po 0 0 0 0 2.2 0.1 0.01 0.01
212Bi 1.3 1.3 0.1 0.01 0.06 0.06 0.01 0

total �: 96.1 93.1 9.7 6.4 9.7 0.6 0.1 0.1

total events/day: 122 118 34 19 18 7.4 6.9 5.9
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assumed and the background rates are listed after this cut is applied. Note also that

in the Th chain, an additional delayed coincidence to consider could be the �{� from

220Rn{216Po, separated by t1=2 = 0:15 s. The longer time window required to identify

these coincidences might allow for too high an accidental coincidence probability for

this to be used (not employed in table 3.8).

2. pulse-shape discrimination (PSD): this technique will be used for identifying

and rejecting the � internal background counts. In organic liquid scintillators, the

pulse shape is di�erent between � and � scintillations; an � gives rise to greater light

emission in the longer time components of the scintillation pulse (resulting from a

greater excitation probability by � particles for the longer-lived triplet states). Using

a conservative estimate of 90% identi�cation probability for � counts, we can suppress

this component of the internal background, as seen in table 3.8.

3. statistical subtraction (SS): after tagging the Bi-Po delayed coincidence events in

both U and Th, one knows also the activity of the parent isotopes that precede the

coincidence in the decay chain, if they are in equilibrium, a valid assumption only

for short-lived and non-mobile isotopes. Using this knowledge we can subtract away

the spectra that would result from these parent activities. In the 238U chain, this can

be done back up to the mobile 222Rn isotope; in the 232Th chain, this can be done

back to 224Ra. Used for both � and � activity, this subtraction assists in removing �

counts from 214Pb.

This subtraction can be done reliably; however, it does not have the event-by-event

rejection feature of the CE and PSD cuts. It must be performed last, after suÆcient

statistics (total counts and tagged delayed coincidences) have been accumulated. In

table 3.8, the eÆciency of the statistical subtraction (SS) is 95%, identical to the CE

detection eÆciency.

In �g. 3.16 I show an estimate of the internal background spectral shape after all cuts

have been employed. Superimposed is the recoil electron spectrum arising from the SSM


ux of 7Be neutrinos. As one can see, the internal background spectrum presents a peak
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Figure 3.16: Estimate of internal background spectrum and SSM neutrino signal in a 100-
ton �ducial volume.

feature in the 7Be neutrino window, due to the residual �'s in the high part of the 238U and

232Th chains. The ability to identify and reject these events, through �=� discrimination,

is fundamental for the identi�cation of the neutrino signal.

The sensitivity to pep is a�ected, instead, by the presence of 234Pa, in the high portion

of the 238U chain. This isotope decays � with an endpoint at 2.3 MeV and it has a 
at

spectral feature that could mask the pep neutrino signal.

In the uranium chain, it is important to single out 222Rn as a critical item. Because radon

is mobile and fairly long-lived (t1=2 = 3:82 days), it can be far out of equilibrium with the rest

of the uranium chain. In the scintillator, there might be an elevated 222Rn concentration

(compared to the amount of 238U) if radon di�uses out of the nylon vessel and into the

scintillator or if it originates from the outside and di�uses through the nylon �lm. This

was the limiting factor in the CTF measurement of the uranium (radium) concentration; in
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CTF, our measurement was ultimately just one of the equilibrium \
oor level" for 222Rn

in that detector. If in Borexino it turns out once again that radon is the contaminant and

not actually 238U, then it might be that the estimated internal background rate could be

halved, since the \out of equilibrium" 222Rn progenies only includes 3 � decays, versus the 8

�'s in the 238U chain, and there would be no 234Pa in the pep window. For a more complete

discussion of the background induced by 222Rn, I refer to x8.1.3.

At the contamination levels assumed for the simulations discussed in this section, one

�nds a signal-to-background ratio that leaves some room for improvement. Ideally, one

would like to achieve U and Th levels less than 10�17 g/g. This may indeed have been

the case, but the CTF was not capable of such a measurement due to radon. The linear

correlation between the internal delayed coincidence rates and the singles rate originating

from radon in the water bu�er suggested strongly that the CTF measurement of the delayed

coincidence rate in the 238U chain was the result of radon di�usion through the nylon

membrane (see x6.4).

The dominant internal backgrounds in Borexino may not come solely (or at all) from

uranium and thorium. For example, accidental exposure to air could result in the introduc-

tion of 85Kr in the scintillator, as occurred in CTF. Krypton is a noble gas; the 85Kr isotope

is not present in nature but it is present in the atmosphere as a product of nuclear �ssion

in nuclear reactors. Its activity in central Europe is � 1Bq/m3. 85Kr decays with 99:57%

B.R. to 85Rb emitting a � particle with Q = 687 keV and �1=2 = 10:7 years. The krypton

could be removed by the nitrogen stripping component of the scintillator puri�cation plant

in CTF; more details on this analysis can be found in reference [52].

3.5 Cosmogenic Backgrounds

Other potential sources of backgrounds, of cosmogenic nature, include backgrounds from

muons and muon-induced spallation products, neutrons, and cosmogenic radioactivity for

materials that have been exposed at the surface. These backgrounds have been evaluated

and are negligibly small, contributing less than 0.5 counts/day in the energy region between
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Table 3.9: Cosmogenic radionuclides in the scintillator.

Nuclei � Q [MeV] 
-rays

�� emitters:
8Li 1.21s 13.0
9Li 0.26s 13.5
11Be 19.9s 11.4 2.0MeV (30%), others
12B 0.03s 13.4 4.4MeV (1.3%), 7.6MeV ( 1.5%)

�+ emitters:
12B 1.11s 13.7
9C 0.19s 16.0
11C 29.4m 0.96

Electron Capture:
7Be 76.9d 478KeV ( 10%)

0.25 and 1.5 MeV, thanks also to the implementation of a muon veto system [59]. For more

details on the measurements and simulations, I refer to the original Borexino proposals

[85, 59, 87]; here I will only summarize the main possible cosmogenic backgrounds.

Neutron 
ux from the rock walls. Neutrons are produced in the outer rock layers due

to �ssion and (�; n) reactions on light elements. The neutron 
ux out of the rock

walls in the Gran Sasso National Laboratories has been measured by several authors:

according to Belli et al. [88], it is equal to 3:78 � 10�6 n/cm2/s, 77% of which are

thermal. This means there are about 3 � 106 n/d impinging on Borexino, but the

simulations [85] show that this 
ux is already attenuated of a factor 108 by the 2 m

water shield.

Muons and prompt secondaries. The muon 
ux in the underground LNGS laboratory

is 1m�2h�1; 4500 muons per day will cross the stainless steel sphere of Borexino.

These muons will produce scintillation light in the liquid scintillator and/or �Cerenkov

light in the bu�er liquid. These events will be identi�ed and rejected by the muon de-

tector, which is designed to have an eÆciency of better than 0.9998 in this region [59].
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-rays from capture of cosmogenic neutrons. Energetic neutrons are produced by ul-

trarelativistic muons primarily in hadronic showers, occurring with a frequency of the

order of a few 10�2/m of path in water or scintillator [52, 89]. Neutrons are therma-

lized by inelastic and elastic collisions and then captured by protons in the reaction:

n + p!2 H + 
 (2:216MeV): (3.5)

Neutrons have a capture mean time of about 300�s in pseudocumene. In Borexino,

we expect 100 neutrons/day, one third of them in the �ducial volume. Virtually, all of

these pulses fall outside the energy range of interest; moreover, they can be completely

suppressed by means of the 3 ms time correlation between the neutron capture and

the preceding muon event.

Radionuclides produced by muons in the scintillator. The muon induced nuclear

cascades that produce neutrons also produce radioactive nuclei in reactions involv-

ing the carbon atoms of the scintillator. A list of cosmogenic radionuclides produced

in the scintillator is reported in table 3.9.

Recently, data from an accelerator experiment [90, 91] gave a precise estimate of the

production rate of these nuclei. The estimate for the total background rate is one third

of the neutron rate: 30 events/day in the scintillator and 10 events/day in the �ducial

volume. Owing to the high endpoint energies, none of the very short lived isotopes is

expected to give a background of more than 1 event/day, even without further cuts.

Their contribution can still be reduced by time correlation with preceding muons.

11C poses a special problem. Its 30 m meanlife is too long for a time correlation with

the preceding muon. Since 11C is a �+ emitter, it deposits in the scintillator an energy

in the range of 1{2 MeV, due to the 1.022 MeV positron-electron annihilation energy.

These events fall outside the neutrino window, but they could limit the sensitivity

to the solar pep neutrinos. The expected rate, according to [90], is of about 7 11C

events/day in the 0.8{1.3 MeV energy window and in the 100-ton �ducial volume.
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Figure 4.10: 8B solar neutrinos in Borexino: the distribution is the simulated 8B � spectrum,
the line is what the �t attributes to 8B � in the 2.5{9 MeV energy region and the points
represent the residual spectrum after subtraction of the Gaussian peak for 208Tl from the
�t, in the SSM, MSW SMA and LMA scenarios. The statistics is for three years of data.
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Table 4.2: Detection of 8B neutrinos, with three year statistics and 200 ton �ducial volume.
In three energy intervals, I report the expected total rate and the number of events the �t
attributes to 208Tl and to 8B (simulated as a line). Also reported are the di�erence between
the total rate and the 208Tl and the number of 8B events that have been simulated. I
analyzed the following scenarios: SSM, MSW SMA and MSW LMA.

SSM scenario 3.5{5 MeV 5{9 MeV 9{14 MeV

total signal 6655 � 82 679 � 26 112 � 11
208Tl peak - Gaussian �t 6295 � 134 61 � 1.3 {
8B events - line �t 374 � 60 605 � 201 {
8B events - subtraction 360 � 156 618 � 26 112 � 11
8B generated events 375 658 112

MSW SMA scenario 3.5{5 MeV 5{9 MeV 9{14 MeV

total signal 6457 � 80 342 � 18 67 � 8
208Tl peak - Gaussian �t 6318 � 127 64 � 1.3 {
8B events - line �t 151 � 44 264 � 150 {
8B events - subtraction 139 � 150 278 � 19 67 � 8
8B generated events 177 321 67

MSW LMA scenario 3.5{5 MeV 5{9 MeV 9{14 MeV

total signal 6416 � 80 246 � 16 33 � 6
208Tl peak - Gaussian �t 6316 � 118 58 � 1.0 {
8B events - line �t 110 � 37 182 � 126 {
8B events - subtraction 100 � 143 188 � 16 33 � 6
8B generated events 136 225 33

statistical error. The error will be larger in the MSW scenarios: 29% for SMA and 34%

for LMA. At higher energies (5{9 MeV and 9{14 MeV energy window) the raw data, after

subtraction of the 208Tl peak, can be used to describe the 8B rate, with a smaller statistical

error, instead of the linear �t.

A comparison between the 8B rate in the 3.5{5 MeV energy window to that in the 5{9

MeV energy window can in principle be used as indicator of spectral deformations of the 8B

rate, which would be a signature for MSW conversion. In �gure 4.11 I show the calculated

ratio of 8B events in the MSW scenarios, relative to the SSM predictions, in in three energy

intervals (3.5{5, 5{9 and 9{14 MeV). The three year statistics is not enough to make the

�rst bin signi�cant in the discrimination between SMA and LMA, with this analysis, but
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Figure 4.11: The plot reports, in three energy intervals, the calculated rate of 8B events in
the MSW scenario, relative to the SSM prediction. I included both the SMA (squares) and
the LMA (dots) solutions. The error bars are calculated with a statistics of 3 years.

the errors could be signi�cantly reduced with less conservative assumptions on the 208Tl

direct identi�cation eÆciency.

In conclusion, this study shows that Borexino has the potential to detect 8B neutrinos

with a low energy threshold of 3.5 MeV, although the statistical signi�cance of the 3.5{5

MeV window has relevance only if the 208Tl signal is 1-2 orders of magnitude less than what

expected by 10�16 g/g 232Th in equilibrium.
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4.4 Sensitivity to the pp Solar Neutrino - Low Energy Spec-

trum in Borexino

The neutrino scattering reaction in the liquid scintillator does not have an energy threshold.

With a trigger threshold of 6 hits, Borexino can detect events as low as 15 keV, including

the pp solar neutrino interactions. Nevertheless, the 14C content of the scintillator is a

major obstacle to the detection of this channel. 14C emits a low energy � (Q = 0:156MeV

and �1=2 = 5730 years) that dominates the energy spectrum below the so-called \neutrino

window". If we apply to Borexino the CTF result:

14C=12C = (1:94� 0:09)� 10�18;

in a �ducial volume of 100 tons (RFV = 3:00 m) we will have about 3�106 14C events each

day due to 14C beta decay. This signal is clearly overwhelming, as a whole, if compared

to the expected event rate of pp neutrinos in Borexino: 199 events per day in the 100-ton

�ducial volume, according to the BP98 SSM. The study I am about to report is an attempt

to establish whether the contribution of the pp solar neutrino can be extracted from the

Borexino energy spectra with statistical methods in the energy window 0.1{0.3 MeV.

Fig. 4.12 shows a Monte Carlo simulation of the energy spectra of the 14C � and of

the pp solar neutrino, with a 6 month statistics. In order to separate the two contributions,

it is absolutely necessary to know the 14C spectrum with great accuracy, with all the

experimental distortion e�ects (such as pile-ups, electron quenching in the scintillator [107]

and non Gaussian behaviors that are not included in the simulation). One way to achieve

this goal is to add a known amount of 14C to the scintillator and take data for a �xed length

of time. In this work I assumed a data acquisition period of 6 months, but it could be longer.

At the end of this period, we will have two spectra, one with 14C+ pp + background, and

the other with X �14 C+14 C+ pp+background, where X is the additional amount of 14C .

By taking the di�erence of the two spectra, we are left with an experimentally determined

spectrum of 14C that can be used in the �t to separate the pp spectrum.

We also need a spectrum for pp neutrinos: we trust that a comparison of the theoretical
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Figure 4.12: Top: energy spectra of 14C and pp neutrino Bottom: background spectra with
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months' statistics.
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14C � spectrum to the experimental one will provide information on the actual energy

resolution and possible spectral distortions at low energy, so that we will be able to correct

the Monte Carlo pp spectrum and use that to �t the data.

As for the background, in the 100-ton �ducial volume, at low energies, the external

background is not an issue. The main problem at E< 0:3MeV are tails of �'s and low-

energy 
's (mainly 228Ra) in the radioactive chains of 238U and 232Th. There could be

other unexpected background sources, but the main point is that in the 0.1{0.3 MeV energy

window there is not an emerging spectral structure. With the hypothesis of 1�10�16g/g 238U

and 232Th in the scintillator, the background energy spectrum is similar to that in �g. 4.12,

once we apply the correlated coincidence and the statistical subtraction cuts described in

section 3.4. There still are some questions about the eÆciency of �=� discrimination at

these low energies; the �gure shows the two extremes of zero and 90% eÆciency for �

rejection. In both cases, in the small energy window used for the �t, the background can

be �t with a horizontal line.

With these inputs, it is possible to perform a three parameter �t on the low energy

spectrum. I tested this theory on a simulation of 6 months of data in Borexino that includes:

- 14C=12C = 1:94� 10�18 [73];

- 238U and 232Th= 1� 10�16g/g;

- pp neutrino rate from the BP98 SSM [11].

I also simulated a di�erent set of 6 month statistics, where the amount of 14C had been

doubled, and subtracted the two distributions to obtain an \experimental" 14C spectrum.

An independent theoretical pp spectrum was also simulated, for the �t. The error bars on

the �tting functions have been combined in the spectrum to be �t.

Table 4.3 is a summary of the �t results in the two cases: if the �'s are not identi�ed and

rejected, we are forced to use a smaller energy window in the �t, because of the di�erent

background shape (it is 
at in a smaller region).

Starting with 3:57� 104 pp events in input, the �t recovers (4:3� 0:4)� 104 events if
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Table 4.3: Fit results: the number of pp neutrino events in 6 months is 3:57� 104 (SSM).

�t range (MeV) estimated pp events �2=d:o:f:

case 1: no 7Be neutrinos
90% � identi�cation 0.1{0.27 4:27� 0:43� 104 40/15
no � identi�cation 0.2{0.27 3:66� 0:69� 104 23/5

case 2: 1:4� 104 7Be neutrino events (SSM predictions) included
90% � identi�cation 0.1-0.27 3:62� 0:45� 104 37/15
no � identi�cation 0.2-0.27 3:47� 0:89� 104 24/5

the � identi�cation has 90% eÆciency (�t window = 0.1{0.27 MeV) and (3:7� 0:7)� 104

events if no � rejection is performed (�t window = 0.2{0.27 MeV).

In a second step, I also included the 7Be neutrino rate, according to the SSM prediction.

In the energy window used for the �t, the spectral shape for these events can be approxi-

mated, again, with a horizontal line. Even though the expected rate is non negligible (78

ev/day from the 863 keV line), the presence of this, as any other 
at background does

not a�ect the �t in a relevant way. The results are also shown in table 4.3: starting from

3:57�104 pp events in input, the �t recovers (3:6�0:5)�104 events if the � identi�cation has

90% eÆciency and (3:5� 0:9)� 104 events if no � identi�cation is performed. Figure 4.13,

shows the resulting spectra in this scenario.

In conclusion, this preliminary study looks promising and it indicates that by a purely

statistical analysis, it is possible to extract the pp neutrino rate from the low energy portion

of the energy spectrum in Borexino. The key issue is whether we will be able to experimen-

tally determine the spectrum of 14C. Adding 14C to the scintillator can a�ect the detector

performances in the lower end of the neutrino window; before we do that, we need to test

methods to remove it after the measurement has been performed. One possibility is to

insert CO2 in the scintillator and later remove it with the nitrogen stripping portion of the

puri�cation system, but all this is still vague and requires a certain amount of research and

development. Such an operation probably would take place only after enough 7Be statistics

had been collected and the primary goals for Borexino had been met.
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Figure 4.13: �t results in the case of zero (top) 90% (bottom) � rejection. The dots mark
the simulated pp spectrum, while the stars represent the spectrum of pp neutrinos from the
�t. The plots also show the background and the residual spectrum after 14C subtraction,
with error bars.
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4.5 Physics Beyond Solar Neutrinos

Borexino is an ultra-low background detector, whose potential goes beyond the detection of

solar neutrinos. In this section I will present the additional scienti�c objectives for Borexino,

referring, for details, to the published and submitted papers. A separate section (x4.6) will
be devoted to the detection of supernova neutrinos in Borexino, a study that I conducted

and that promises to disclose interesting new results.

4.5.1 ��e Detection

The detection of ��e in Borexino proceeds via the classic Reines reaction of capture by

protons in the organic liquid scintillator:

��e + p! n+ e+; Q = 1:8MeV: (4.3)

The positron energy is related to the ��e energy as: E(e+) = E(��e) � Q + 1:02MeV. The

neutron capture induces emission of a 2:2MeV 
 after 0:2ms. The delayed coincidence

between e+ and 
 provides a de�nite signature for the detection of ��e, with a sensitivity of

a few events per year.

There are several interesting ��e sources: the Sun, Earth and nuclear power reactors,

which can be distinguished from each other mainly by their energy.

Solar ��e

While current solar astrophysics o�ers no room for solar antineutrinos, there is room for

them in a non-standard mechanism that involves an o�-diagonal magnetic moment for

Majorana neutrinos [85]. The current upper limit on the solar ��e 
ux is 5�104 cm�2s�1 [108],

which corresponds to a rate of 110 ��e per year in Borexino. The energy range for these events

is 7{15 MeV.
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Geophysical ��e from the Earth

Borexino could be the �rst experiment to detect antineutrinos emitted by the radioactive

elements in the mantle and the crust of Earth, primarily 238U and 232Th. This would

establish important geophysical constraints on the heat generation within the Earth and

probe the radiochemical composition of Earth. Depending on the geophysical model, ��e

rates between 10 and 30 events per year, in the energy range 0{3.3 MeV, can be expected

in Borexino [109, 110].

Long-Baseline ��e's from European Reactors

Nuclear power reactors are strong sources of antineutrinos, emitted in the � decay of various

isotopes produced in the �ssion of Uranium. These ��e are produced with a known 
ux and

spectrum, at energies up to 8 MeV. Borexino is sensitive to the 
ux generated by nuclear

power reactors in France, Germany and Switzerland and the predicted event rate is of about

30 ��e per year. Evidence for neutrino oscillations would come from the disappearance of

these neutrinos and from distortions in their spectral shape. The combination of Borexino

and the European reactors, with their well de�ned experimental setup, makes an ideal

terrestrial long-baseline experiment for a model-independent search for vacuum neutrino

oscillation [111].

4.5.2 Double-� Decay with Dissolved 136Xe

Double-� decay o�ers the only mean to identify the Majorana neutrino. It has been tra-

ditionally carried out on target masses of the order of a few tens of kg. Borexino has the

potential to enhance this search on the multi-ton scale [112, 113]. Noble gases, as 136Xe are

highly soluble in the liquid scintillator and do not a�ect the radiopurity or the scintillator

eÆciency. The plan could be �rst tested in CTF2, adding 10 kg of 136Xe, in order to as-

sess signal quality and backgrounds. If successful, the measurement could be extended to

Borexino, with � 2 tons 136Xe.
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4.5.3 Neutrino Physics with MCi Sources

The recoil electron pro�le in the �e � e scattering at low energies deviates from the weak

interaction predictions if the neutrino carries a static magnetic moment �� . Borexino is

sensitive to the search for �� using high intensity arti�cial sources of �e (51Cr) and ��e

(90Sr) [85, 114]. The sensitivity to a neutrino magnetic moment in Borexino is �� =

5 � 10�11 �B (Bohr magneton) for a 1 MCi 51Cr source, and �� = 3 � 10�11�B (Bohr

magneton) for a 1 MCi 90Sr source.

4.6 Supernova Neutrino Detection in Borexino

Type II supernovae result from the gravitational collapse of red giant stars with masses

larger than about eight solar masses. Their colossal explosion releases a typical binding

energy "B � 3 � 1053 ergs [115]. The total light emitted in the supernova outburst is only

about 1% of this energy; the remainder 99% of the binding energy comes o� in the form of

neutrinos, all within a few seconds.

The �eld of extrasolar neutrino astrophysics was born when neutrinos from SN1987A in

the Large Magellanic Cloud were detected by the IMB [116] and Kamiokande [117] neutrino

detectors. These pioneering observations contributed signi�cantly to the understanding

of the mechanisms involved in a supernova explosion and provided interesting limits on

neutrino properties. The next galactic supernova will prove even more valuable owing to

the abundance of neutrino events produced by the closer source and the variety of reactions

that will be available to study these neutrinos.

I estimated the sensitivity of Borexino to a Type II supernova at the center of our

galaxy (that is, at a distance of 10 kpc) - I will summarize here only the main points,

referring, for details, to the submitted paper [118] and a memo written for the Borexino

collaboration [119].
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4.6.1 Supernova Neutrino Spectrum

Let us consider a stellar gravitational collapse releasing "B � 3 � 1053 ergs binding en-

ergy [115]. Most of the binding energy is carried by the ��� pairs produced during the

thermal cooling phase of the hot remnant core.

At core collapse temperatures and densities exceeding 1011 g=cm3 matter is not trans-

parent to neutrinos. Scattering interactions thermalize the neutrinos though their mean free

path remains large; in e�ect, neutrinos become the energy transport agents in the collapsed

stellar core. They emerge from the cooling core or \neutrinosphere" after they decouple.

The temperature at the time of decoupling determines the energy distribution of the emitted

neutrinos. Neutrinos of � and � 
avor decouple at higher temperature, since they interact

in ordinary matter only via the neutral-current weak interaction, whereas charged-current

scattering can occur for �e and ��e. Moreover, the neutrino decoupling takes place in neutron

rich matter, which is less transparent to �e than ��e. The temperature hierarchy is, then:

T�e < T��e < T�x , where �x denotes ��;� and ���;� . Each spectrum can be considered as a

Fermi-Dirac distribution with zero chemical potential [120]:

dN

dE�
=

0:5546

T3

E2
�

1 + eE�=T
N0; (4.4)

with the following parameters:

�e : T = 3:5MeV; hE�i = 11MeV; (4.5)

��e : T = 5MeV; hE�i = 16MeV; (4.6)

��;� ���;� : T = 8MeV; hE�i = 25MeV: (4.7)

Based upon equipartition, the prediction is that all of the neutrino species are produced

in the cooling core with the same luminosity [115]. This implies that the number of �e's

will be greater than �� and �� , since their average energy is lower.
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4.6.2 Supernova Neutrino Signatures in Borexino

� � e� scattering

Supernova neutrino interact with electrons by elastic scattering:

�i + e� ! �i + e�:

This is the same process employed in the detection of solar neutrinos. The standard elec-

troweak cross section, with E� � me, is:

� =
2G2

FmeE�

�

�
c2L +

1

3
c2R

�
; (4.8)

where the coupling constants depend on the neutrino species considered. The total cross

sections for � � e� scattering are linearly proportional to the neutrino energy, and appear

with appropriate parameters as:

�(�ee! �ee) = 9:20� 10�45E� [MeV] cm
2; (4.9)

�(��ee! ��ee) = 3:83� 10�45E� [MeV] cm
2; (4.10)

�(��;�e! ��;�e) = 1:57� 10�45E� [MeV] cm
2; (4.11)

�(���;�e! ���;�e) = 1:29� 10�45E� [MeV] cm
2: (4.12)

For all of the neutrino species from a typical supernova at 10 kpc, the calculated event rate

in Borexino is about 5 events from neutrino-electron scattering. These events do not have a

particular signature in Borexino; they can be identi�ed only through their time distribution.

��e + p reaction

The large cross section, low threshold, and abundance of target protons makes this the

dominant channel for detection of supernova neutrinos. The inverse � decay of the proton:

��e + p! e+ + n; (4.13)

has a reaction threshold of Ethres = 1:80MeV. At low energies, the total cross section can

be approximated as:

� =
G2
FpeEe

�

���cos2 �c���2
"
1 + 3

�
gA
gV

�2#
; (4.14)
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which can be re-written with appropriate parameters as:

�(E�) = 9:5� 10�44(E� [MeV] � 1:29)2 cm2: (4.15)

Integrating this cross section with the ��e spectrum gives an event rate of about 79 neutrinos

in Borexino from a typical supernova burst.

The signature from these events is a delayed coincidence between the prompt positron

and the 2.2 MeV 
 ray emitted in the neutron capture on a proton (� = 0:25ms). This

signature is essentially free of background within the few second time interval of a supernova

explosion.

12C reactions

The abundance of carbon in an organic liquid scintillator provides an additional, interesting

target for neutrino interactions [121].

Neutrino reactions on the 12C nucleus (J� = 0+;T = 0) include the superallowed tran-

sitions to the A=12 triad (J� = 1+;T = 1) of 12B (ground state), 12C� (15:1MeV) and

12N (ground state). Another very interesting reaction would be the excitation of the

(J� = 1+; T = 0) level of 12C (12.7 MeV), with the following 3� decay to the ground state

of 8Be. In Borexino, a coincidence of 3 � events would have a very clear signature. Unfor-

tunately, the (0+; 0) ! (1+; 0) transition is forbidden in neutral current reactions, unless

strange quarks are present in nucleons. The A=12 isobar level scheme is shown in Fig. 4.14.

The neutrino reactions of interest are:

1. charged-current capture of ��e:

��e +
12 C!12 B + e+ Q = 14:39MeV; (4.16)

12B!12 C+ e� + ��e �1=2 = 20:20ms; (4.17)

2. charged-current capture of �e:

�e +
12 C!12 N + e� Q = 17:34MeV; (4.18)

12N!12 C+ e+ + �e �1=2 = 11:00ms; (4.19)
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Figure 4.14: Level diagram for the 12C, 12N, 12B triad.

3. neutral-current inelastic scattering of � or �� :

� +12 C!12 C� + �0 Q = 15:11MeV; (4.20)

12C� !12 C+ 
 (15:11MeV): (4.21)

All of the reactions on carbon o�er a detection signature in Borexino. The charged-

current reactions have the delayed coincidence of a � decay following the interaction. The

neutral-current events have a monoenergetic 
 ray at 15:1MeV.

The cross sections for these reaction are relatively large and well established. In the

low-energy limit (E� 250MeV) only superallowed and allowed transitions are signi�cant;

the charged-current cross section is given by:

� =
G2
F

�
cos2 �c

X
i

jMij2peEeF(Z;Ee) (4.22)
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Table 4.4: Supernova neutrino events in Borexino from a supernova at 10 kpc, with "B =
3 � 1053 ergs binding energy release. The cross sections are averaged over the incident
neutrino spectrum.

reaction channel hE�i [MeV] h�i [cm2] Nevents

�e � e 11 1:02� 10�43 2.37
��e � e 16 6:03� 10�44 0.97
�x � e 25 3:96� 10�44 0.81
��x � e 25 3:25� 10�44 0.67

total � � e 4.82

��e + p! e+ + n 16 2:70� 10�41 79

12C(�e; e�)12N 11 1:85� 10�43 0.65
12C(��e; e

+)12B 16 1:87� 10�42 3.8

neutral-current excitation
�e +

12 C 11 1:33� 10�43 0.4
��e +12 C 16 6:88� 10�43 1.5
�x +

12 C 25 3:73� 10�42 20.6

total 12C(�; � 0)12C� 22.5

where jMij2 are the nuclear matrix elements squared and F(Z;Ee) is the Fermi function,

accounting for Coulomb corrections in � decays. For the neutral current reaction only the

isovector axial current contributes to the interaction; the cross section is given by:

� =
G2
F

�

X
i

jMij2(E� � Ei)
2: (4.23)

The cross sections for the neutrino-carbon reactions have been investigated theoretically

and experimentally over the past 20 years and are now well established. The nuclear matrix

element is the Gamow-Teller matrix element, determined at q2 = 0 by the � decay rates,

in the Elementary Particle Treatment [121, 122, 123]. The resulting cross sections are

con�rmed also by the other two theoretical approaches: the Shell Model [124, 125, 126, 127,

128] and the Random Phase Approximation [129, 130, 131].

Table 4.4 summarizes our results; we estimate 23 neutral-current events, 4 events due

to ��e capture on 12C and less than one event due to �e capture, from a typical galactic
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supernova at 10 kpc.

Neutral Current Detection in Borexino

The neutrino burst from a supernova rises steeply and decays exponentially in time: L� �
e�t=�� , with �� � 3 s [132]. In a low-background solar neutrino detector, a burst of 100

events in a time window of 10 seconds is easily identi�able. The ability to separate the

neutral-current events from the ��e � p reactions determines whether interesting neutrino

physics can be explored.

The inverse � decay of the proton produces a neutron. In Borexino, this neutron ther-

malizes and walks in the detector until it is captured by hydrogen: n + p ! d + 
, with

a mean capture time � = 250�s and E
 = 2:2MeV. The large homogeneous detection

volume in Borexino ensures eÆcient neutron capture and eÆcient detection of the 2:2MeV


. These events can be tagged by the delayed coincidence.

EÆcient detection and resolution of the 15:1MeV 
 will also be possible in Borexino.

Fig. 4.15 depicts an example of the singles spectrum from all supernova neutrino events that

would occur in Borexino within a time window of 10 seconds. Even if the ��e � p positrons

are not tagged, the 15:1 MeV peak is well resolved on top of the positron spectrum. The

energy resolution in Borexino, simulated here with the design light collection statistics of

400 photoelectrons/MeV, allows the neutral-current events to be identi�ed.

4.6.3 Consequences of Non-Standard Neutrino Physics

Massive Neutrinos

The present limits on neutrino mass, obtained by laboratory experiments, are high for ��

and �� : m�e < 3:9 eV, m�� < 170 keV and m�� < 18:2MeV [133]. By studying the arrival

time of neutrinos of di�erent 
avors from a supernova, mass limits on �� and �� down to

the tens of eV level can be explored.

Consider a supernova neutrino 
ux composed of two species, one massive and the other
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15:1MeV 
 rays from neutral-current excitation of carbon. Underneath is the continuum
spectrum of the ��e + p interaction.
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essentially massless. The massive neutrinos will reach Earth with a time delay:

�t =
D

2c

�
m�

E�

�2
(4.24)

with respect to the massless species, where D is the distance to the supernova. Measuring

this time delay requires being able to distinguish the massive species from the massless

neutrino interactions. Ideally, knowledge of the emission time distribution is also required

as is a precise measurement of E� .

In Borexino, the neutral-current excitation is dominated by ��, ���, �� and ��� , due

to their higher average energy. 91% of the neutral-current events come from the \heavy


avor" neutrinos. Their relative contribution to the neutral-current event rate is illustrated

in Fig. 4.16. The ��e � p charged-current events provide the time stamp for the \massless"

species. Thus, in Borexino, determining the time delay between the neutral-current and

charged-current events provides a handle on the mass of �� and/or �� .

Beacom and Vogel have shown [134, 135] that model-speci�c details relating to the
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Figure 4.18: Monte Carlo distribution of the average time of the 12C(�; � 0)12C� events, for
a sample of 105 supernovae at 10 kpc (in this model, t = 3 s is the average arrival time of
the massless neutrinos).

emission time pro�le of neutrinos from a supernova do not have a pronounced e�ect on the

arrival time distribution. A model-independent limit on the neutrino mass can be inferred

from the behavior of averaged quantities, such as:

�t = htiNC � htiCC : (4.25)

We considered a model for a supernova neutrino burst that rises linearly, reaching max-

imum in the �rst 20ms. This is followed by an exponential decay with � = 3 s [132].

Fig. 4.17 shows the expected time distribution of the 12C(�; � 0)12C� events in Borexino, for

two scenarios:

(a) �� is massless and �� is massive ) 46% of the 12C(�; �0)12C� events are delayed;

(b) �� and �� are both massive ) 91% of the 12C(�; � 0)12C� events are delayed.

Fig. 4.18 show the results of a Monte Carlo simulation of 105 supernovae (at a 10 kpc
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Figure 4.19: Contour probability plots relating the average delay of 12C(�; � 0)12C� events
to the neutrino mass, in the two scenarios.

distance) producing 12C neutral-current events in Borexino. The arrival times for the av-

erage of 23 events were drawn from the distributions shown in Fig. 4.17. Time zero is the

theoretical instant of the earliest possible arrival. The �gure shows the distribution of av-

erage time of arrival of the 12C(�; � 0)12C� events, for di�erent values of the heavy neutrino

mass. To obtain �t, we subtract the average arrival time of the light neutrinos, that is

htiCC = 3 s.

Fig. 4.19 shows the probability contour plots for neutrino mass as a function of average

arrival time delay. Di�erent probability contours are included in the �gure. In scenario (a),

where only �� is massive, 46% of the neutral-current events are delayed. From the data

set, the average arrival time of the charged-current events is subtracted from the average

arrival time of the neutral-current events, giving a value for �t. A measured delay (or lack

thereof) allows one to set a mass limit, such that:

if �t = �0:5 s, then m�� < 46 eV (90% CL);
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if �t = 0 s, then m�� < 79 eV (90% CL);

if �t = +0:5 s, then m�� < 103 eV (90% CL).

Similarly, for scenario (b) in which both �� and �� are massive, with m�� ' m�� , mass

limits are extracted such that:

if �t = �0:5 s, then m�� �
< 33 eV (90% CL);

if �t = 0 s, then m�� �
< 55 eV (90% CL);

if �t = +0:5 s, then m�� < 71 eV (90% CL).

Conversely, a measured average arrival time delay of �t = +1:0 s allows one to exclude

a massless �� at greater than 90% con�dence level.

These limits are only slightly worse than what might be achievable in SuperKamiokande

(a sensitivity of 50 eV) [134], and in SNO (a sensitivity of 30 eV) [135]. It is remarkable

that the limits in Borexino are comparable, given the much higher statistics expected in

these much larger detectors. Since �t / m2, and the error on �t is proportional to the

square root of the number of detected events, the error on the neutrino mass will, in the

end, be proportional only to the fourth root of the number of detected events. This aspect

combined with the higher \heavy-
avor fraction" in the neutral-current events in Borexino

allow �� mass limits in the cosmologically-signi�cant range to be reached.

Neutrino Oscillations

Neutrinos oscillations can be probed by comparing the supernova neutrino event rates for

di�erent reactions. The extent of limits on �m2 depend on the L=E ratio which, for distances

of kiloparsecs, is many orders of magnitude lower than present regions explored (e.g. solar

neutrino vacuum oscillations).

We will consider, as an example, the implications of vacuum oscillations in the solar

neutrino sector on the detection of supernova neutrinos in Borexino. Since the actual phase

of the oscillation can be any value (varies rapidly over this distance scales) we take an

average value of: hsin2(�L=�osc)iL = 0:5.
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Figure 4.20: Number of NC and CC events on 12C, as a function of an overall conversion
probability � = �� + �� , where �� = P(�e $ ��) and �� = P(�e $ �� ). The error bands
refer to the case of a supernova at 10 kpc with "B = 3� 1053 ergs.



Chapter 4: The Physics Potential of Borexino 136

The main consideration is that higher energy �� could oscillate into �e, resulting in an

increased event rate since the expected �e energies are just at or below the charged-current

reaction threshold. The cross section for 12C(�e; e
�)12N increases by a factor of 40 if we

average it over a �e distribution with T = 8MeV, rather than 3:5MeV. The gain in event

rate for 12C(��e; e
+)12B is a factor of 5. The large increase in the �e induced reaction rate is

a pseudo-appearance signature for oscillations.

We assign the probability �� to �e $ �� conversion and �� to be the �e $ �� con-

version probability, and de�ne � = �� + �� . Thus, depending on the value of �, we have

the combinations of event numbers reported in and displayed in Fig. 4.20; the number of

charged-current and neutral-current events, as a function of the parameter � are shown

with an error band corresponding to the statistics for a supernova at 10 kpc. The constant

neutral-current rate �xes the 
avor-independent luminosity. Though the statistics are low,

the e�ect on the charged-current rates are signi�cant.

4.6.4 Conclusions

The Borexino detector will be sensitive to neutrinos from a Type II supernova in our galaxy.

A typical supernova at a distance of 10 kpc will produce about 80 events from ��e capture

on protons and about 30 events from reactions on 12C, mostly from �� and �� neutral-

current events. As a large homogeneous volume liquid scintillator, identi�cation of the

neutral-current events via detection of the monoenergetic 15:1MeV 
 enables Borexino to

explore non-standard neutrino physics. Neutrino masses in the tens of eV range can be

explored for �� and �� by measuring the delayed arrival of the neutral-current signal which

is predominantly due to the interactions of �� and �� . The charged-current and neutral-

current reactions on 12C also o�er an important tool for probing neutrino oscillations.


