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Abstract

Solar neutrinos were first detected in the 1970’s and have played since then a signif-
icant role in the studies related to the construction of the solar model as well as in
studies of the intrinsic properties of these particles, such as the features of vacuum
and matter-enhanced oscillations. The Borexino detector is a unique experimental
apparatus which has spectral sensitivity to all solar neutrino components apart
from hep neutrinos. The detector could cover the energy range from 150 keV to
as much as 15 MeV and in some cases even higher, while the achieved radiopurity
levels minimizes the interference with background components.

In this thesis spectral studies of the whole solar neutrino spectrum detected
in Phase II with a duration of 1173 live days are reported. In particular, solar
neutrinos from ®B are studied from the lowest detection threshold ever used for
this component of solar neutrino spectrum. Electrons produced by recoil of these
neutrinos are detected above 2.17 MeV of visible energy with a measured total
neutrino flux of (5.5 & 0.4) x 10° ¢m™2s™! under assumption of Large Mixing
Angle (LMA) solution of Mikheyev-Smirnov-Wolfenstein(MSW) theory, that is
compatible with the Standard Solar Model(SSM) in the high metallicity case. The
spectral shape shows statistical compatibility with MSW-LMA.

In this thesis it is shown that Borexino detector has statistical sensitivity to
CNO and pep neutrino when the dedicated analysis here developed is applied.
Central values are (5.2 4 1.8,4,¢) x 108 cm =257 and (1.31 £0.35444;) x 10 cm 2571
respectively, compatible with expectations of high metallicity case of the SSM and
MSW-LMA.

In spite of the low precision, these results, obtained using the data collected by
the Borexino detector could pave the way to future solar neutrino studies aiming
to improve our understanding of solar models and neutrino oscillations in matter.



Introduction

This thesis is devoted to solar neutrino studies with Borexino detector data,
obtained in Phase II. Neutrino are of great interest for both experimental and the-
oretical physics since this light lepton is both not very well studied in its properties
and still is already becoming a powerful tool for studying the universe. Neutrino
interacts with matter very weakly that results in outstanding penetration of mat-
ter, thus it is a unique tool that allows to look inside the solar core since all other
types of solar radiation do not exit it undistorted. At the same time neutrino
properties remain not very well established, for instance, matter oscillations are
demonstrated to be present, but the compound of modern experimental data still
does not allow to establish matter oscillation properties, especially in the so-called
“transition region” of 1 - 3 MeV where oscillation passes from vacuum regime to
matter resonance regime. Solar and neutrino properties can’t be decoupled in so-
lar neutrino studies and thus it results in the necessity of studying them together,
that makes us obtain maximum information available, both on fluxes and spectral
shapes. Borexino is a unique detector that allows to obtain spectral information on
solar neutrinos together with the possibility to measure fluxes of decoupled solar
neutrino spectrum components. In Phase II the natural radioactivity background
has been significantly decreased and this results in an increase of the precision of
neutrino studies with respect to previous analysis as well as in a possibility to have
a first glance into the transition region with usage of ®B neutrino spectral studies
with low threshold.

Experimental activity

The experimental activity presented in this thesis was performed in the Borex-
ino collaboration during Phase I data analysis. My own activity started from the
End of 2013 and lasted until the end of 2016.

My own contribution includes fluidodynamical simulations of the detector in
simplified model of temperature distributions, that brought to a better under-
standing of the convective picture, development and support of so-called ”effective
quantum efficiencies” (see corresponding chapter), developement of the Three-fold
coincidence algorithm (so-called LNGS TFC algorithm), partial participation in
development of light collection nonuniformity corrections, development of likeli-
hood minimization approach for pulse shape alpha/beta discrimination, as well as
participation in all stages of studies devoted to the detection of neutrinos from
8B, such as primary data selection, development of statistical subtraction of ex-



ternal background component, establishment of background composition including
the discovery of neutron-induced gamma-background at high energies, background
subtraction and energy scale establishment. The impact of the new approaches in
low-energy analysis allowed to break some of internal correlations in the likelihood
function allowing to increase the final precision achievable by the detector, while
in the case of neutrinos from ®B allowed to lower the threshold by the value of 0.83
MeV with respect to previous analysis.

Thesis layout

Chap. 1 serves as an introduction and describes the historical milestones that
lead to appearance of the field of neutrino physics and establishes the solar neutrino
problem.

Chap. 2 shows the main aspects of neutrino physics and establishes the theo-
retical framework under which neutrino physics experiments are operating.

Chap. 3 describes the main solar neutrino experiments performed so far and
establishes the actual situation in neutrino physics without Borexino detector con-
tribution, such as establishment of solar neutrino problem as well as the first dis-
coveries on the way for a total understanding of its background.

Chap. 4 contains a description of the Borexino detector focusing on its con-
struction, activity level and operation as well on the generic data analysis frame-
work.

Chap. 5 describes the current status of low energy solar neutrino analysis
and shows the current statistical sensitivity of the detector in the case of present
analysis framework application and describes the basic approaches implied in the
low-energy spectral studies.

Chap. 6 shows the analysis of neutrinos from ®B, including counting and spec-
tral analysis of the detector data and gives the current result of the detector
sensitivity to this neutrino component.



Contents

1 Introduction 9
1.1 Discovery of neutrino . . . . . .. .. ... 9
1.2 First evidence . . . . . . . . ... 10

1.2.1 First experimental ideas . . . . . . .. ... ... ... .. 11
1.2.2  First direct neutrino measurement attempt: Davis experi-
ment at Brookhaven . . . . . ... ... .. ... ... 11
1.2.3  Antineutrino discovery . . . . ... ... 12
1.2.4  First neutrino discovery: Homestake chlorine experiment . . 14

2 Brief review of neutrino properties 19

2.1 Neutrino sources . . . . . . . . . . . e 19
2.1.1 Artificial neutrino sources . . . . . . .. ... ... .. 20
2.1.2 Neutrinos form stars . . . . . . . .. .. ... ... ... .. 22
2.1.3  Other sources of neutrinos . . . . ... ... ... .. .... 28

2.2 Neutrino interaction with matter . . . . . . . . .. ... ... ... 29

2.3 Neutrino oscillations . . . . . ... ... o oo 31
2.3.1 Oscillations in vacuum . . . . . . . . . ... . ... ... .. 32
2.3.2 Two neutrino oscillations . . . . . . ... .. ... ... ... 33
2.3.3 Three-neutrino oscillations . . . . . . . ... ... ... ... 36
234 MSW theory . . . . . . ... 37
2.3.5  Application of MSW theory to solar neutrinos . . . . . . . . 40

3 Solar neutrino experiments 43
3.1 Solar neutrino problem . . . . . .. ... 43
3.2  Gallium experiments: SAGE and GALLEX . . . .. ... ... ... 44

3.2.1 GALLEX/GNO neutrino experiment . . . . ... ... ... 45
322 SAGE . .. . .. 48

3.3 Cerenkov neutrino experiments: SNO and SuperKamiokande . . . . 51
3.3.1 Physical principle . . . . .. ..o 52
3.3.2 Sudbury neutrino observatory . . . . ... ... .. ... .. 53
3.3.3 SuperKamiokande . . . . . . .. ... ... 58



3.4 Scintillator experiments: KamLand and Borexino . . . ... .. .. 62

3.4.1 KamLAND antineutrino detector . . . . . . ... ... ... 64
Borexino neutrino detector 67
4.1 Motivations for Borexino . . . . . . . .. ..o 67
4.2 Borexino detector construction . . . . . .. ... ... 68

4.2.1 Construction materials . . . . .. ... ... ... ... 69

4.2.2 Liquid handling . . . . . . .. .. oo 71

4.2.3 Borexino electronics construction . . . .. . ... ... ... 74

4.2.4 Detector calibration. . . . . . .. ... ... L. 75
4.3 DBorexino generic data processing . . . . .. .. ... 76

4.3.1 Routine calibrations . . . . . .. ... ... ... ... 76

4.3.2 Energy reconstruction . . . . ... ... ... ... 81

4.3.3 Event shape variables . . . . . . ... .. ... .. 84

4.3.4 Alpha/Beta discrimination . . . . . . ... Lo 85

4.3.5 Electron/Positron discrimination . . . . . .. ... ... .. 88

4.3.6 Generic data quality treatments . . . . . . . ... ... ... 89

4.3.7 Muons in Borexino . . . . ... ... 90

4.3.8 Fast coincidence chains tagging . . . . . . .. .. .. .. .. 91
4.4 Effective quantum efficiencies . . . . . . .. ... L. 92

4.4.1 Mechanism of obtaining effective quantum efficiencies . . . . 93

4.4.2 Software implementation of effective quantum efficiency ob-

talning . . . . . ..o 94

4.4.3 Discussion on the values . . . .. ... ... ... ...... 95
4.5 Cosmogenic veto system. Three-fold Coincidence . . . . .. .. .. 96

4.5.1 Three-Fold Coincidence: physics background . . . . . . . . . 97

4.5.2 Three-Fold Coincidence: program implementation . . . . . . 101

4.5.3 Other approaches in TFC veto . . . . . . . . ... .. .. .. 103

4.5.4  Three-Fold Coincidence: efficiency treatment . . . . . . . . . 104
4.6 Monte-carlo simulations . . . ... ... ... oL 106

Borexino phase Il preliminary analysis of low-energy solar neu-

trino spectrum 111
5.1 Analysis approach . . . . . . .. ..o 111
5.1.1 Borexino spectrum below 3 MeV . . . . . . ..o 112
5.1.2  Generic approach of spectral fitting . . . . . ... ... ... 113
5.1.3 Dataselection . . . . . .. ... Lo 116
5.2 Complex moments in the analysis . . . . . . . ... ... ... ... 117
5.2.1 Pile-up events treatment approach . . . . ... .. ... .. 117
5.2.2 Krypton problem . . . . . ... ... 0L 118
5.2.3 The story of 2°Po and 2'°Bi . . . . ... ... ... ... .. 120

6



2.3
5.4

5.2.4  Full MLP-subtracted it . . . . .. ... .. ... ... ...
5.2.5  About goodnessof fit . . . . ... ...
Preliminary results . . . . . . . . ... ... oo
Systematic uncertainty sources . . . . . . . . ... ...

Spectral analysis ®B neutrino recoil electrons

6.1
6.2

6.3
6.4

Background composition . . . . . ...
Data preparation . . . . . . . .. ...
6.2.1 Fiducial volume definition . . . . . . . ... ... ... ...
6.2.2 Data quality treatment . . . . . . ... ... L.
6.2.3 Cosmogenic background measurement and suppression

6.2.4 External background estimation and statistical subtraction .
6.2.5 Neutron-induced background sources . . . . .. .. ... ..
Final electron recoil spectrum derivation and subtraction . . . . . .
Statistical subtraction of backgrounds . . . . . . . . ... ... ...
6.4.1 Systematic uncertainties . . . . . ... ... ... L.
6.4.2 Towards neutrino fluxes . . . . . ... ... ... . ... ..
6.4.3 Fitting the final spectrum . . . . . . .. ... ... ...






Chapter 1

Introduction

1.1 Discovery of neutrino

The neutrino was discovered only in the middle of 20th century. This fact was
preceded by a series of observations, problems and discoveries.

At the end of 19th century A.Bequerel discovered uranium radiation [1]. Later
it was found that this radiation is composed of three types of radiation, that could
be distinguished by different behavior in magnetic field, namely the beam that was
going straight, was called 7-radiation, while two others declined to different sides
were called a and § [2]. The discovery of neutrino is related to beta-radiation.

The first hints of neutrino existing were coming from the [-decay studies. Af-
ter some studies it was established that in such process one observes a reaction,
changing the particle charge and conserving its mass, such as 2X —% | X with
two particles observed after the reaction, namely a nucleus and an electron, which
were distinguished by mass/charge ratio with magnetic spectrometry. Taking into
account mass-energy conservation, one would expect this reaction to have a con-
stant energy release. The same time the spectrum of electrons appeared to be
continuous [3], that meant either energy nonconservation in this process, either an
unknown mechanism of energy release. Actually, the most popular solution was
energy conservation violation, since there were no experimental nor theoretical
reasons for energy conservation on the particle scale *.

On the 4th of December 1930 W. Pauli proposed a “desperate way out” of this
situation[4], introducing as a product of beta decay a new neutral particle having
a mass of the same order of magnitude as an electron and large penetrative power
that he called “neutron” 2, that might have appeared in this reaction and would

Lthe theoretical motivation, relating conservation laws with global space-time symmetries,
appeared only in 1918, four years later than the discovery of beta-process
2 After the detection of a massive neutral particle that also got the name “neutron” by



explain the anomalous energy loss. Actually, it was given more as a proposal for
a discussion rather than a solution of the actual problem, since he would expect
neutrino to be already discovered in case of its existence, but considered it worth
the risk to search for any possible way to solve the mystery. The particle remained
unobservable due to non-interacting in electromagnetic and strong interactions,
the interactions which were at the moment used for particle detection, hence the
search for such particle became a strong problem itself.

The next source of the problem was a later theory of the nuclear proton-neutron
composition, proposed by Heisenberg in 1932, that automatically imposed the
problem of electron source in beta-process. This problem solution was proposed by
E. Fermi as a theory of beta-decay [5], that was in some sense analogous to proton
radiation by excited atomic levels, where the emitted particle is created within the
decay process itself, introducing a neutrino as one of the particles produced within
the reaction and following all known conservation laws. Later it was understood
that this theory “saved” not only energy conservation, but also momentum and
rotational momentum conservation and became a strong motivation for neutrino
acceptance even in case of lack of direct discovery.

1.2 First evidence

The first ideas of neutrino detection started to appear right after the first theory of
beta-decay, but the predicted interaction rates were practically blocking neutrino
from any kind of direct detection. The same time, one could think of measurement
of global conservations laws that could bring some light to the neutrino problem,
e.g. one could try to observe nuclear recoil and test the momentum conservation
law. The first attempt of doing it was done in 1936 by Leipunsky [6] with beta-
decay of 11C, resulting in observation of recoil of ''B together with a positron. The
experiment was based on spectra comparison for positrons and recoil nucleus and
gave a nonzero value of the total momentum of the system after the reaction, that
was an indirect evidence of neutrino emission.

According to an idea of the soviet physicists A.Alichian and A Alichanov,
numerical results were possible to reach in case of a reaction of K-capture. They
proposed to perform the study on nucleus of "Be, which was decaying into “Li,
leaving us with only the recoil nucleus as a detectable particle. According to the
measurement performed in 1942 by G. Allen [7], the energy of the recoil nucleus
was equal to (56.6+1) eV, that was practically equal to the theoretical prediction of
57.3 eV. Observation of a recoil nucleus with energy equal to the one that could be
predicted by including a light neutrino into the decay according to existing theory

Chadwick the particle got the name of “neutrino”

10



lead to acceptance of neutrino despite all the difficulties related to its observation.
Neutrino was still waiting for its moment of truth that was related to appearance
of such a powerful radioactivity source as induced fission.

1.2.1 First experimental ideas

Since neutrino was predicted and was strongly evidenced by conservation laws that
could be derived from global symmetries of our universe in a generic way and thus
should exist the same way both in microscopic and macroscopic world. Since in
macroscopic world they are strongly supported by entire experience of humanity
expressed in classical physics, it became a very strong motivation to challenge an
actual detection experiment that would put the final point in understanding of
beta-decay. The process predicted by Fermi theory that would provide neutrino
detection with an unique signature of neutrino detection appeared to be inverse
beta-decay. It was proposed for such use already in 1934 by H. Bethe and R. Peierls
[8]. But at that time an experiment based on such reaction looked to be impossible
under consideration of expected interaction rate of neutrino with matter.

In 1946 B.Pontekorvo proposed an implementation of inverse beta-decay tech-
nique based on seeking a possibility to concentrate the products of inverse beta-
decay from a large volume in order to perform a measurement of the activity that
could be produced only by neutrino. A nucleus he proposed for such search was
37C1, that was inversely beta-decaying into argon, which, being a noble gas would
be relatively easy to separate from the chlorine-containing substance and thus
to obtain radioactive argon that could have been produced only by neutrino [9].
Regretfully, this remained just an idea for more than 20 years before it was actu-
ally used for neutrino detection. In any case, the start of the neutrino detection
challenge was given.

1.2.2 First direct neutrino measurement attempt: Davis
experiment at Brookhaven

The first attempt of neutrino direct detection was done by R. Davis in 1954 [10],
even before a successful antineutrino detection, according to the original idea of
B.M. Pontecorvo. The idea of neutrino detection was based on usage of chlorine
detector, namely the reaction

TCI(v, e ) Ar

This reaction should be able to detect neutrino by an unique process, practically

without any background, while argon would be relatively easy to extract.
Registration of such process was performed by a relatively large target of 3900

liters of C'Cly, that was located at the depth of 6m below the ground just outside
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the Brookhaven reactor and was irradiated within two months in order to obtain
neutrino-produced argon. After that the fluid was stripped with helium gas and
the argon atoms were trapped with two charcoal traps, cooled with solid carbon
dioxide and liquid nitrogen respectively. Usage of less cooled trap was due to a need
of krypton and radon removal, thus argon was trapped in the second trap, while
vapors of carbon tetrachloride were passing through the condenser and returned
to the target volume. The gas in the colder trap was extracted and desorbed
at 200 °C to be put inside quench gas of a Geiger-Muller counter. Since argon
decays within 34 days it was possible to perform calculation of the number of
argon atoms obtained. The rate obtained was absolutely compatible with the
expected cosmogenic production of 37 Ar and that allowed only to put a limit on
the actual neutrino rate. One could be interested, why such an experiment was
performed on a reactor. The answer is that it was not guaranteed that neutrino
and antineutrino are different particles and thus that antineutrino does not take
part in this interaction. So this experiment could be treated as the very first
attempt of neutrino detection and a proof of no inverse beta-decay with neutrino
and electron. Moreover, it gave an upper limit on the total solar neutrino flux of
10"em 2571, that is of course much larger than any theoretical prediction, but was
still a valuable limit at that time, even before the very first antineutrino detection.

1.2.3 Antineutrino discovery

Since all the previous experiments evidenced neutrino only in the production point,
it was a great interest to discover neutrino by direct detection at some distance
from it. A powerful tool that allowed neutrino detection was a new mechanism
of neutrino production, a new mechanism of creating massive amounts of beta-
decaying nuclides, a nuclear reactor. The very first reactor was created in 1942
by E. Fermi [11] and since than neutrino detection became possible. The reaction
that would provide such detection, was the already proposed inverse beta-decay.
Moreover, in 1949 L. Herford and H. Kallmann found and described scintillation
in organic liquids [12], that allowed building a detector that would have needed
size, that, together with high flux of a reactor, would give a sensitivity to neutrino.

The very first detection of antineutrino belongs to F. Reynes and C. Cowan [13].
The experiment, purposed to perform the very first direct detection of neutrino was
called “Project Poltergeist” and was performed in Hanford (Washington, USA).
The reactor was providing expected antineutrino flux of 10¥em=2s~!. According
to Fermi theory, one would expect around a hundred of inverse beta-decays per
hour in a ton of hydrogen-containing substance. Since the reaction of inverse
beta-decay on hydrogen results in appearance of a neutron and a positron, it was
possible to detect antineutrino reaction by electron-positron annihilation gammas.

The detector used in this experiment appeared to be a 300 I scintillator tank,
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observed by two groups of 45 Photomultipliers (PMTs), divided for coincidence de-
tection. The proton target used was based on Cadmium propionate (C5H5C'dOs).
At the very first attempt was detected a difference in event flux between reactor
on and off of 0.4 4+ 0.2 events per minute, while the expected value was around 0.2
ev/min. Such result was later explained by different sources of backgrounds such
as cosmic rates and underground tests in Los-Alamos and were not satisfactory
for the sake of claiming antineutrino detection.

2 METERS

Figure 1.1: The antineutrino detector construction drawing. A,B - proton targets
used for delayed neutron detection. 1,2,3 - liquid scintillator detectors connected
to anticoincidence scheme and used for recombination gamma detection.

Thus, the antineutrino detection required to improve the existing setup [14].
The new setup was using a proton target, represented by two tanks filled with
water solution of cadmium chloride. Annihilation gamma-quanta were detected in
the liquid scintillator, that was filled into 3 tanks of 1200 1, located on both sides of
the proton targets and observed by 100 PMTs(1.1) The neutron capture would be
observed with a delay of around 10 us with corresponding series of gamma-lines.
In this case on would expect a very significant reduction of the background due to
usage of coincidence scheme that significantly decreased acceptance of background
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events. In fact, only usage of such scheme allowed neutrino detection from a
reactor, rather than from a nuclear explosion as it was proposed in case of non-
observation of antineutrino in reactor experiment. Moreover, there was used a
third detector for cosmic rays, that played a role of active shielding. The second
series of experiment was performed on Savannah River reactor with location of
the detector on 11 m distance from the reactor and 12 m underground in order
to protect it from cosmic radiation. After 100 days of data-taking there were
detected (3.0 £ 0.2) events per hour . Such a measurement was definitely a proof
of the antineutrino existence taking into account a unique signature of an actual
antineutrino detection.

Taking into account that the cross section, derived from the experiment ap-
peared to be 0., = 12007100 x 107%6cm? (considering the main uncertainty source
of reactor calibration), that is in a good agreement with the value of oy, =
500 4 100 x 10~*%cm? obtained by theoretical estimates. All these facts allow to
claim this beautiful experiment as the very first direct neutrino detection. Since
this experiment took 5 years, the date of neutrino discovery is 1956.

1.2.4 First neutrino discovery: Homestake chlorine exper-
iment

By the end of 1960’s the situation in neutrino experimental physics was the fol-
lowing: while the detection of antineutrino was very well established and it was
demonstrated that neutrino from a reactor can’t be detected that easily and an-
tineutrino and neutrino do not perform the same inverse beta decay reactions
predicted by Fermi theory. Thus the challenge of neutrino detection still existed,
the problem of neutrino detection was still waiting for its solution since all the
previous studies were relying on the mighty power of a nuclear reactor. A new
neutrino source was needed.

It appears that the most powerful source on neutrino already exists for billions
of years - it is our Sun. In all stars powered by nuclear fusion process, neutrinos
are produced in two basic reaction chains, CNO - cycle, predicted by H. Bethe in
1938 and pp-chain, described by him a year later. These reactions were predicted
to produce neutrinos in a quite broad energy range, from 0 to 16 MeV and even
higher if one considers a very rare process of hep-neutrino production. These
neutrinos appeared to be possible to detect.

The Homestake neutrino observatory is located in the Homestake gold mine at
the depth of 1478 m being the deepest operating mine in US. Thus, the laboratory
is covered by around 4200 m of water equivalent® rock passive shielding.

3water equivalent - thickness of a layer of water with the same surface matter density, thus it
is larger than the real depth by factor of average rock density ratio to water density. This unit

14
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Figure 1.2: Principal scheme of Homestake Neutrino experiment

The experiment done in this observatory was performed by R. Davis, applying
the same experimental technique that he already approved on a reactor a decade
earlier, the one based on orginal idea of B.M. Pontekorvo [9]. Same time this study
was strongly supported by J. Bachall, that was performing all computations from
the theoretical side of this activity. The setup was including a single horizontal
steel tank of 15 m long and 6 m in diameter giving the total volume of 615 tons
of tetrachloroethylene (CoCly) (fig. 1.2). 95% of the detector was filled with
the target material, while the remaining part contained pressurized He gas that
was used for the extraction of neutrino interaction products. The detector was
also provided with a tube for placing a calibration neutron source for extraction
efficiency studies.

The detector construction was done with a very strong consideration of exis-
tence of argon in the atmosphere in quite large quantities, that lead to a necessity

is common for treating cosmic ray shielding in different underground laboratories
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Decay Mode Auger e~ [keV] | X-ray [keV]
K 81.5 2.823 0.0
L 8.9 0.270 0.0
K 2.7 0.202 2.621
K 5.5 0.201 2.622
M 0.9 0.018 0.0
K 0.5 0.007 2.816

Table 1.1: Principal radiations produced in the 3" Ar decay.

to guarantee high radiopurity of the constriction material and absence of possible
leaks in all the piping structure. In any other case that would lead to a danger of
very high non-neutrino production rate of 3"Ar that would lead to complete lack
of success of the experiment as solar neutrino flux at the Earth is much smaller
than the one produced by a reactor and statistical significance of all backgrounds
grows dramatically.

Despite the size of the detector, the expected values of solar neutrino flux and
cross section were giving quite small count rates of neutrino in this experiment.
Moreover, since chlorine reaction threshold appears to be as high as 814 keV, it
leads to acceptance of a very small part of solar neutrino spectrum, dominated by
neutrinos from 8B decay in the solar pp-chain. Thus the precision of extraction
system and counting become crucial for observing neutrino events. The basic sys-
tem of argon extraction remained the same as in the previous reactor experiment,
so the volume was stripped with helium gas. Argon was extracted in the process of
reverse osmosis into the gas phase with following passes through the trap system
based on two traps with different temperatures allowing background separation
and giving quite high efficiency of actual argon subtraction.

The lower temperature trap was cleaned from active gases by exposing to ti-
tanium powder in direct contact at the temperature of 900 °C and separation of
other rare gases by gas chromatography. Than the trap was desorbed at 200 °C
in a helium flow with a following collection by a smaller charcoal tram that was
consequently desorbed into another step of purification, using a Toepler pump
and following all steps of exposing to titanium and chromatographical separation
from heavier noble gases and again collected on a nitrogen-cooled charcoal trap.
Than it was transported from into a proportional counter for the sake of count-
ing the number of radioactive argon atoms in the sample. Taking into account
that argon life time is 37 days, it was necessary to perform the counting on the
scale of once per week. Omne should take into account that neutrino count rate
was giving the number of events less than one per week, so it was very important

16



to have a signature of actual argon decay, that could be distinguished by auger
electrons or K-lines, see table 1.1. In order to avoid external background affec-
tion, the proportional counter was used inside a Nal scintillation detector working
in anticoincidence scheme as an active shielding. Pulse-shape discrimination for
electrons was also used. The proportional counter was periodically calibrated with
%TFe source X-rays. Starting from some moment, the counting facility was moved
underground next to the detector.

The total background for argon production included cosmic rays as well as
internal activity in the detector construction and target material as well as (a,n)
reactions. The total background was estimated as 0.07 events/day in the whole
target mass. As a final result, the experiment gave the value of 0.478 £+ 30 +
0.029 counts/day in the whole data-taking period 1970-1990 that corresponds to
the value of 2.56 £ 0.16 4+ 0.016 SNU*. This observation brings us to the actual
problem of solar neutrinos, neutrino oscillations and all the peculiar properties
of this amazing particle. But in any case it was the very first experiment that
succeeded to detect a neutrino directly and to perform it using the Sun as a
source.

The importance of this experiment could hardly be overestimated as it had
demonstrated that neutrino exists and it is a particle that has a lot of interesting
features that were not expected to be, establishing the actual solar neutrino prob-
lem that still is not completely resolved. This experiment was awarded a Nobel
prize in 2002.

4SNU - events per target atom per second, standard unit on radiochemical neutrino detectors
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Chapter 2

Brief review of neutrino
properties

2.1 Neutrino sources

Since the neutrino was detected in 1956 (speaking more precisely, that were an-
tineutrinos from a reactor), it is interesting to understand the possible sources of
neutrino that could be used for neutrino properties study. Moreover, as soon as
neutrino properties are more or less established, neutrinos become a tool for study-
ing its sources. Neutrinos have a unique feature, coming from the same source as
its detection complexity: since neutrino is very weakly attenuated in matter, a
neutrino beam detection automatically points out properties of the source without
much role of propagational effects.
The most commonly mentioned sources of neutrinos are:

antineutrinos from reactors

e neutrinos and antineutrinos from artificial radiochemical sources
e accelerator neutrino beams

e antineutrinos from the Earth created in beta-decay of daughter nuclei within
natural radioactivity chains

e neutrinos from fusion reaction
e reactions powering stars, namely PP-chain and CNO cycle
e neutrinos from supernova explosions

e neutrinos from high-energy processes in cosmic ray accelerators
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e atmospheric neutrinos, produced in the atmosphere by interactions of cosmic
rays

Of course, one could imagine many more sources of neutrino, including such
exotic ones as nuclear and thermonuclear explosions, relic neutrinos etc., but the
mentioned ones are the most studied and are the most interesting for us in historical
perspective.

2.1.1 Artificial neutrino sources

reactor antineutrino Reactor antineutrino is historically the first particle de-
tected directly. A nuclear reactor is a very powerful source of radioactivity and its
usage for the neutrino studies looks more than reasonable. Most of modern reac-
tors use 23U as fuel and work in the thermal part of neutron spectrum. Although
the actual enrichment of the fuel 25U /38U ratio is relatively small ( some reactors
work even on natural uranium with this ratio of 720 x 107°) the fuel compound
that actually produces most of the energy is still the lighter uranium® . Of course
one could mention thorium reactor cycle or fast neutron reactors and even scien-
tific reactors on intermediate spectrum, but exotic reactor types are not of much
interest for neutrino studies. A thermal reactor produces energy in the process of
fission of heavy nuclides and the average proton-to-neutron ratio is conserved in fis-
sion products. Taking into account A-dependence of A/Z ratio for stable nuclides
(see fig. 2.1), one would immediately expect the nucleons to be beta-unstable due
to proton deficit. Such beta-instability would practically always lead to presence
of B~ decay, rather than 3%, that means generation of antineutrino. Taking into
account that all existing reactors are based on fission and the A/Z dependence is
monotone, one would expect the same tendency for’ any reactors, although the
mass distributions depend strongly on the neutron spectrum used in the reactor
due to shell effects in a nucleus. In fact a significant paert of heat is produced in a
reactor not due to kinetic energy of the fission products, but by later beta-dacays.
Thus a reactor creates a massive neutrino flux of order of 10?°s~! per gigawatt of
thermal power that allows to have reliable neutrino detection. Moreover, as an
artificial source, it allows us to study neutrino propagation on different distances
from some meters up to hundreds of kilometers. Reactor antineutrino oscillations
were studied with various experiments [15, 16, 17].

radiochemical sources The problem of a reactor is that its neutrino flux and
spectrum are not known very precisely, as well as the spectrum can not be modi-
fied much. Moreover, it is a quite sophisticated, bulk and expensive construction.

! In industrial reactors branching ratio of fissions of 235U, 239Pu, 238U and 24! Pu is respectively
0.59 : 0.28 : 0.08 : 0.05
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Figure 2.1: Atomic masses and charges of stable isotopes. Note the increase of
neutron fraction with mass

Thus, in some cases one could use neutrino radiochemical sources. Such sources
contain beta-decaying isotopes and the tiny interaction rate of neutrino auto-
matically means massive radioactivity inside the source, of order of some MCi.
They could be produced with chemically separated nuclides, that would mean
that a source would have neutrino or antineutrino spectrum that could be mea-
sured through beta-spectrum with application of conservation laws. Moreover,
such sources allow us to have monoenergetic neutrino lines form electron capture
sources and are not limited with antineutrinos only like reactors. One could irra-
diate some isotope with neutrons and get a source with proton deficit, emitting
actual neutrinos and positrons. Thus radiochemical sources could provide much
more flexibility, still being artificial sources with all reactor advantages apart from
the total flux, that is of course, lower, but could be still more than enough for reli-
able measurements. Such sources could be used for calibration of various neutrino
experiments [18]. Radiochemical sources could be also used for sterile neutrino
searches, e.g. in Borexino-SOX experiment it is planned to use sources of 4Pr
(extracted from used nuclear fuel) and possibly 'Cr (produced by neutron irradi-
ation) [19].

accelerator neutrino beams Both of the previous neutrino sources have one
feature in common: they produce (anti-)neutrino in the same reaction in which it

21



was discovered - beta-decay. Such reaction is of course very important physical
process, e.g., in astrophysics or in cosmology, but it is not the only process, that
could be related with this particle and it can not provide the total picture of
neutrino physics, since it covers only a very narrow energy range between some
keV and some tens of MeV. The most popular way of creating neutrino beams
of relatively high energy is based on usage of accelerators, e.g. synchrotrons,
and producing neutrinos in weak decay of short-lived particles produced by the
accelerator beam, e.g. pions and muons. Such neutrinos could be more or less
focused by focusing the primary beam of charged particles and could be quite
useful for the study of high-energy neutrino properties [20, 21].

2.1.2 Neutrinos form stars

Among all natural sources of neutrino one of the most important one is produc-
tion in stars. Moreover, historically such neutrinos were the first to be detected in
Homestake neutrino observatory. Stars are providing most of the late nucleosyn-
thesis in the universe, from hydrogen to iron and further in supernova explosions.
During this process they produce various types of neutrinos that could be stud-
ied as a particle and the same time serve as a tool for studying stars. The most
important and easy to study for us is the closest star, the Sun, that is located in
close proximity to our planet and appears to be the most powerful natural neutrino
source at the Earth.

The original idea of the heat source powering stars was simply the gravitational
force that would produce heat during compression of matter inside a star. Such
mechanism could be an appropriate explanation of the star power, but there is
a contradiction: life of the Sun is way longer than what could be provided with
such algorithm [22]. Life of the sun could be estimated from radiogenic properties
of substances of the Earth that show age exceeding a billion of years. One of the
most curious examples is the natural nuclear reactor in Africa [23], that could
have worked only with concentration of 23U substantially exceeding the current
one and corresponding to hundreds of millions years ago. So the Sun as well as all
other stars should have a source of power different from just gravitation and much
more powerful one.

CNO-cycle The first example of such energy source was proposed by H. Bethe
in 1938. Practically, presence of large amount of hydrogen in the Sun was well-
known from solar light spectrum that was missing absorption lines of hydrogen.
Bethe proposed the reaction that was called the CNO-cycle [24]. This reaction was
based on consequent merging of a hydrogen nucleus to 2C up to oxygen resulting
in helium production. Within this main reaction, so-called CNO-I, two neutrinos
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are produced:

GC+p =1 N+~(1.95MeV
BN =5 C+et +v.(1.20MeV
&0 +p —1' N +~(7.54MeV
N +p—g O+~(7.35MeV
£0 =P N+ et + v, (1.73MeV
(

)
)
)
)
)
PN +p— C+ a(4.96MeV)
One should consider also that there is a small probability of having electron
capture instead of beta-decay that would lead to monoenergetic neutrino lines of
2.22 MeV and 2.75 MeV respectively. Another branch of this reaction is CNO-II

that undergoes with branching of 0.04% in the Sun:

PN +p = O+ ~(12.12MeV)
L0 +p =" F+~(0.60MeV)

o F —§" O +el +v,(2.76MeV)
§0+p—=t N+ a(l.19MeV)
BN +p =5 O+7(7.35MeV)
20 =2 N + et + 1.(2.75MeV)

There are also other branches that would gain importance in case of heavy stars
[25], but in the current status of experimental physics they have no importance
since the only star from which neutrinos could be observed in the Sun. Such reac-
tions could undergo only at very high temperatures that would allow the Coulomb
barrier crossing. Crossing it by energy that is definitely not possible at star inter-
nal temperature, thus crossing of the coulomb barrier is due to quantum tunneling
that means that the reaction would be strongly dependent on the temperature
inside the star. In the Sun, for example, CNO cycle can not provide the thermal
power observed, but such reaction should in principle undergo, although is was
never evidenced directly. Such reaction evidence is one of the most challenging
problems of neutrino physics since it strongly depends on the solar composition,
especially on the so-called "metallicity” that stands for contamination of heavy 2
elements in the star. But still, it appears that this is not the root of solar energy.
However, it is should be the main energy source for stars, that are heavier than
our Sun [25] and should be the main source of helium production in the universe.

pp-chain CNO cycle appeared not to be the main source of stellar neutrinos in
case of light stars and surely not for the closest one to the Earth - the Sun. The

Zheavier that helium
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Sun produces much more heat than what could be expected from CNO-reaction
and there should be present another source of power that would give all the heat
the Sun actually produces. Such reaction was proposed by H.Bethe right after
the CNO reaction and is the well known pp-chain [26]. The pp-chain is in general
a reaction that extracts energy from merging four protons into a helium nucleus
with extraction of 26.4 MeV of energy. This reaction chain should occur more
easily than the CNO cycle due to smaller charges of participant nuclei and thus
lower Coulomb barriers in the reaction. The pp-chain is also usually divided into
three branches organized by intensity and thus importance of the corresponding
reaction in the fusion energy production. Namely, pp-I cycle contains the following
reactions:

p+p—T H+v+rv.(042MeV)
p+i H —3 He +~(5.49MeV)
SHe 45 He —3 He + 2p

This is the main reaction, powering the Sun and providing us with neutrino flux
of 6.06 x 10%m=2s71.3 With existing nuclei one gets the other parts of pp chain.
Among them, pp-II:

SHe +3 He —! Be 4+ v(0.478MeV ) Be + e~ —4 Li + 1,(0.862MeV)
TLi+p— 23He
One should take into account that beryllium is produced in excited state with
neutrino energy of 384 keV in around 10% of cases. pp-III originates from the

same berillium with capture of a proton instead of electron with branching of 0.12
% in the Sun:

iBe+p—iB+y
8B — 23He + et + v (15MeV)

This reaction produces neutrinos with quite high energies that could be detected
more easily due to cross section energy dependence and is historically very impor-
tant. The same time, there is even more energetic neutrino, although produced
with really tiny branching (pp -1V, so-called hep neutrino):

SHe +p —5 He+ e + 1,(18.8MeV)

Apart from the standard pp-I chain in 0.24 % of cases deutron is produced with
another reaction:

p+e +p—y H+v.(1.44MeV)
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Figure 2.2: scheme illustrating pp-chain reactions in a star.
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This reaction is called pep. Together with two beryllium lines they are the only
monoenergetic neutrino lines in the pp-chain. The scheme of pp-chain is illustrated
in fig. 2.2

neutrinos from the Sun The two processes described above should in principle
undergo in any star, but the main interest for us in the current state of neutrino
physics are the neutrinos coming from the closest star, the Sun, since all the
others are quite challenging to detect. In this case we are limited on certain
mass and type of the star and, thus, the branching ratios among the reactions.
Since all the reactions undergo through Coulomb barrier, the probabilities depend
upon temperature, so the energy distribution in the Sun as well as upon the
concentration of corresponding nuclei. Consequently, the branching ratios also
have this dependence and different reactions change intensity within the solar core
that makes affection on matter oscillation effects mentioned below. The total
picture of solar neutrino spectrum is represented on fig. 2.3. The solar neutrino
spectrum consists of several components with different energies:

e pp-neutrino. Neutrino of pp-I part of the chain, has very low energy, beta-
spectrum has endpoint of just 420 keV. Very challenging for experimental
detection, especially spectrometric

e neutrinos from "Be. Two monoenergetic lines for which the ratio is defined
strictly since the branching ratio could be measured on beryllium itself. Very
important for oscillation studies due to the fact of being monoenergetic.
High-energy line corresponding to ground-state daughter of the reaction has
the energy of 864 keV thus it is achievable only for a limited number of
experimental techniques

e pep neutrino. One more monoenergetic line with the same importance as
beryllium line, but with much smaller amplitude. It is still quite challenging
to perform detection of these neutrinos for most experiments.

e CNO neutrinos. Several continious spectra with different amplitudes that
belong to the same cycle, thus with fixed amplitude ratio (all reactions apart
from CNO-I could be neglected in solar case, at least at the current state of
experimental physics).Since they belong to an absolutely different reaction,
they are very important for solar models construction, but the same time
are very challenging to detect in all current experiments due to correlation
with background events.

3according to standard solar model, which is in agreement with all existing measurements up

to now
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e neutrinos from ®B. A continuous spectrum with high-energy endpoint of 15
MeV. Could be detected by all solar neutrino experiments with different lower
energy threshold. The flux is quite low and thus making precision measure-
ments is quite challenging. Production is strongly related with beryllium
neutrino production.

e hep neutrino. Very high energy endpoint is combined with extremely low
amplitude. Measurement of these neutrino is a great challenge even for the
largest detectors. Theoretically could be detected by every detector, but
with unachievable data-taking time, thus remain undetected until now.

2.1.3 Other sources of neutrinos

supernova neutrinos Another source of neutrinos that could be detected on
the Earth is a supernovae explosion. Such events are expected to happen approxi-
mately once in 30 years within our galaxy creating massive bursts of neutrinos. In
this case we discuss only core-collapse supernovae, rather than other types or clas-
sical novae that produce energy within so-called hot CNO cycle, in which a proton
is merged before decay of beta-decaying participants of the loop. In a core-collapse
supernova one gets matter with very large density and temperature resulting in
massive neutrino production with neutrino energies of 10-15 MeV within few sec-
onds(order of 10°® per event). Such neutrinos were already detected in 1987 by
Kamiokande II, a water Cerenkov detector that detected 11 events within 13 sec-
onds that could be associated to SN1978A supernova [27]. Such source of neutrinos
could give a lot of useful information, e.g. neutrino mass from the delay with re-
spect to the light flash observed, but this is a very rare event and detection of such
neutrinos is a great luck. Such neutrino source is a motivation for all neutrino
detectors to make their duty cycle as high as possible, even if it would be unlikely
to detect it in close future. Another possibility strongly related with supernova
neutrinos are gamma-ray bursts(GRBs), that could be described in some models
as hypernova explosions. One could expect to have neutrino bursts in correlations
with them, but at present there is no experimental evidence of any neutrino fluence
of these mysterious cosmic objects.

high-energy cosmic neutrinos High-energy cosmic neutrinos are another neu-
trino source studied. In principle, every cosmic accelerator, e.g. supernovae rem-
inants, are supposed to be a source of neutrino fluxes. Such sources have a lot of
varieties and neutrino could be a contribute to multimesenger astrophysics, but at
the moment it is too early to speak about neutrino astronomy. There are some
Cerenkov detectors that are supposed to detect high-energy charged secondary
particles of neutrino interaction, some of them even have some events detected,
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e.g. IceCube ice Cerenkov experiment [28], but neutrino registration is counted
as tens of neutrinos which could hardly evidence anything about astrophysical ob-
jects. At the same time, these fluxes are significantly smaller than atmospheric
or accelerator neutrino fluxes that could be currently produced and thus make no
practical interest for neutrino studies purposed to study the particle properties.

atmospheric neutrinos Atmospheric neutrinos are another quite powerful source
that could be used for neutrino oscillation studies. These neutrinos are produced
in the atmosphere by hadronic showers products created by original protons that
are coming from outside the atmosphere and are known as cosmic rays.*. Energy
of these neutrinos is quite high and reaches GeV scale and even higher. These
neutrinos were used as one of the first demonstrations of neutrino oscillations that
was derived from their zenith angle dependence[29].

geoneutrino Geoneutrino [30] is one of the applications of neutrino physics to
the the physics of our planet. Inside the crust, and, probably, the mantle, one
could expect some contamination of uranium and thorium that would obviously
decay into natural radioactivity chains, in which several antineutrinos are emitted.
Detection of these antineutrinos could bring light to the internal structure of the
Earth. The possible impact of geoneutrino studies on the physics of neutrino itself
is negligible since much higher fluxes could be obtained with nuclear reactors, so
this is one more place where neutrinos play the role of a powerful messenger due
to their low cross section of interaction with matter.

2.2 Neutrino interaction with matter

Neutrino direct detection is a primary goal for many experimental activities. They
are a the door to the study of interesting phenomena including physics of neutrino
itself as well as different objects on the earth and on the sky. Thus, one should
consider the neutrino interaction with matter as a tool of neutrino detection. Here
we will list the reactions that are currently used in this branch of research.

Historically, inverse beta-decay was the very first proposal of neutrino detection
already in the end of the first half of XX century. It is still broadly used in various
experiments. The cross section for a proton could be computed with Fermi theory
much above the reaction threshold coming from energy conservation as [31]

~ Gycos?0,

oo(Ey) -

(1+3a%) Bt per =~ 0.952 x 107 8em?*MeV ' Eiper,  (2.1)

4cosmic rays also contain heavier nuclei, protons make up around 90 % of the flux
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where G is the Fermi constant, 0. is Cabibo angle and a = 1.26 is the axial
coupling constant. The case of a complex nucleus involves corresponding form-
factors that can be related with measurements of corresponding beta-spectra; close
to the threshold one should consider also the threshold effects.

This reaction has some energy threshold depending on the nucleus used as well
as energy dependence in the cross-section that limits abilities of experiments using
this reaction to the high-energy part of the spectra. Still, in case of antineutrino
such reaction could have a quite complex signature that could benefit in practically
zero-background detection, that is of extreme importance in case of such weakly
interacting particle.

Another reaction that could allow neutrino detection is elastic scattering on
nuclei and on electrons. The reaction makes the greatest scientific interest is the
second one since nuclear recoil has extremely low energy and therefore is difficult to
detect. In case of electron a relatively energetic neutrino could pass to it nearly the
total original energy in case of face-to-face collision, but still elastic scattering pro-
duces detector response which is strongly continuous for monoenergetic neutrino.
This fact complicates the detection of monoenergetic lines and low-energy parts of
continuous neutrino spectra. The differential cross section has the following form
(32]:

d_O' . 2Gfm0
dt
+

(DR +27-()]) +

2G ymy (g?%(T)(l — 271+ %ﬁ-(z)] —g.(T)gr(T)[1 + %er_(z)]) . (2.2)

where my is electron mass, T - kinetic energy of recoil electron, q - incident neutrino
energy, z = T/q. For electron neutrino one has

g = pNe 105 = R (T)sin? (Ow (mz)] = 1.
g = AR AT sin* (B (mz)),

pl) = 1.0126 + 0.0016, (

E¥<)(T) = 0.9791 + 0.00971(T) + 0.0025, (

(

1(T):é<%+(3—x2)[%x In (“1> —1]),1-:W

r—1

For other types of neutrinos

gy = p2[0.5 — kO (T) sin® (B (m))), (2.8)
gy = —p RO (T) sin (G (m7)), (2.9)
k) = 0.9970 — 0.000371(T) + 0.0025 (2.10)
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In these formulae radiative corrections to neutrino-electron interaction are also
accounted for. The corresponding expressions are:

f-(z) = {?ln (Em+l) —1} |:21Il (1—2—Em—fl) —ln(l—z)—%lnz—%
0

4 %[L(z) —L(8)] - %1112(1 _ - (E + f) (1 — )

122

1 (2 311 11 22
Izt -In( L) (241 St X 21
+Z{nz+2n(mo)} (18+12 nz)ﬂ ey (10

X ((1—,22) {2ln(1z0Em—jl) —1n(1—z)—h172—§] —m%)
_a 22)2(ln2(1 — ) 4 AL = 2) — Inzln(1 — 2)])
+in(1 = 2) [%Zlnz—i— L (22— %)] _ Z;L(l - @mz _ @
_ 1% [lnz—l— (1—2) (Lejmg")} (212)
fi(2) = {% In (Emtl)] 21n (1 - Em£l> (2.13)

One should recall increase of the cross-section with energy that allows better de-
tection of high-energy spectral part even for comparatively small fluxes . This
reaction is used in most current real-time neutrino detectors. An example of elec-
tron recoil curve could be found on fig. 2.4.

2.3 Neutrino oscillations

Among all phenomena concerning neutrino one of the most important one is neu-
trino oscillations [33], [34], that is an explanation of different experimental phenom-
ena observed at the moment. We start discussing briefly the theoretical framework
of neutrino oscillations. We will focus at first on two-neutrino oscillations because
of their experimental importance and then we will give the more general result for
three families oscillations. Later, we will discuss neutrino oscillations in matter
according to MSW theory. The reference for this section is [31].
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Figure 2.4: Neutrino-electron elastic scattering differential cross section for a mo-
noenergetic neutrino with energy of 3 MeV, computed according to [32]

2.3.1 Oscillations in vacuum

Neutrino oscillations are a quantum mechanical consequence of the existence of
nonzero neutrino masses, neutrino (lepton) mixing and of the relatively small split-
ting between the neutrino masses. The neutrino mixing and oscillation phenomena
are analogous to the K° — K and B® — BY mixing and oscillations in the hadronic
sector [35].

In all the cases of practical interest, neutrino fluxes are weak in the sense
that multi-particle Fermi-Dirac effects can be neglected. This means that without
any loss of generality, one-particle non relativistic quantum mechanics is the right
framework to describe neutrino oscillations. The procedure one should follow to
derive the neutrino oscillations formulas consists of:

e building a neutrino wave-packet taking into account the dynamics of the
specific process that produces it;

e studying the wave-packet evolution (the lighter mass eigenstate moves faster
than the heavier one so that at some point the two wave-packets no longer
overlap, destroying oscillations);
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e computing the observable to be measured taking into account what the de-
tector is actually doing (oscillations are a quantum interference effect and
the necessary coherence is destroyed if the neutrino mass is measured with
enough precision to distinguish which one of the neutrino mass eigenvalues
has been detected).

If we focus on a stationary neutrino flux or on experiments which only measure
time-averaged observables, it is possible to avoid using the wave-packet formalism
in favor of a more straightforward derivation. In this condition, in fact, a neutrino
wave is fully described by its energy spectrum. Thus, it is possible to describe
oscillations in terms of plane waves. The basic observation behind this statement
is that the most generic neutrino state is a superposition of Hamiltonian eigenstates
whose interference terms ~ (=) average to zero when computing any physical
observable. It is possible to prove this statement both in the case in which the
state is pure and in the case in which the state is described by a density matrix.

This simplifying condition is valid in all realistic experiments: if an experiment
can measure the time of neutrino detection with At ~ ns, it is not sensible to
interference among neutrinos with AE > ﬁ ~ 107%eV, which is much smaller
than any realistic energy resolution.

Deviations from the oscillation probabilities that we are about to derive are
negligible even when considering a pulsed neutrino beam or a short supernova
neutrino burst.

2.3.2 Two neutrino oscillations

Let us suppose that we deal with just two different kinds of neutrinos, v, and
v,°. These states are dynamical and do not coincide with the free Hamiltonian
eigenstates but of course the former ones can be projected on the latter ones and

therefore it is possible to write

v\ [ cost sin 6 V1
(Vl/> o (— sinf  cos 9) (1/2) ’ (2.14)

where vy and v, are the mass eigenstates and the 2 X 2 mixing matrix is unitary and
described by just one mixing angle, . We assume that at the production region,
x =~ 0, v, are produced with energy F. Since v; and vy have different masses, the
initial v, becomes some other mixture of v, and v, or, equivalently of v, and v..
Since we are interested in the stationary condition, we can neglect the time
dependence in the propagation. If for the initial state the equation |v(z = 0)) =

>The definition of electron/muon/tau neutrinos is the following: electron/muon/tau neutrino
is the neutral particle which is produced together with an electron/muon/tau in a weak charged
current interaction.
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|e) = cos @ |v1) +sin 6 |1y) holds, at a generic position = we have
lv(z)) = P cos @ |vy) + eP*" sin 6 |vy) (2.15)

where p; and p, are the mass eigenstates momenta, since we do not care about
the time dependence. The amplitude for the transition v, — v, is A¢, = (v, |v(z))
where |v,) = —sinf|v;) + cosf |1p) as can be easily read from Eq. 2.14. So we
have

Aepp = ((—sinb 1) + cos 0 1)) | (€7 cos O |1y) + P> sinf 1)) ) =

= — sin 6 cos feP** + sin O cos He'P>* (2.16)
The probability of transition from v, to v, is the square of the amplitude:

P, = |Aeu\2 = sin% 6 cos? 0 (1 +1-— 2Re(eip1xeip2x)) =
= 2sin®f cos® 0 (1 — Re(e' ™ 77)7)) =
= 2sin*0 cos® 0 (1 — cos (p; — pa)7) =
= sin” 26 sin® ]%x =

4F

~ sin” 20 sin’ (2.17)

where Am?, = m3 — m? and the ultrarelativistic approximation was used. In fact
since m,, < 1eV and E, ~ MeV and so E, > m, in all experimental applications,
it is possible to write

P VE =P —E1-" ~ o (2.18)
2 2E?

neglecting higher orders than 7%; For this reason we have

m2—m?  Am?
1 — Py = \/E2 —m? — \/E2 —m3 ~ 22E ! 2E12 (2.19)

Therefore the probability of v, appearance at the detection region x ~ L is

Am3,L
AE

P, _, = sin’20sin® (2.20)
As it can be seen from this equation, neutrinos must have different masses in
order for oscillations to occur. In addition to that, this formula is symmetric for
¢ — 5 — 0 and so by the two neutrino oscillations it is impossible to discriminate
whether 6 > 7 or § < 7. Of course, oscillation effects are maximal for 0 = 7.
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Since neutrinos cannot decay, the survival and appearance probability have to
sum up to 1:
Psv.+ Py, =1 (2.21)

A convenient numerical relation is found restoring i and ¢ factors in Eq. 2.20. In
fact we can define the oscillation phase ¢ as following:

P,._, = sin®20sin® ¢ (2.22)
Am?,L

il ik 2.23

v=—1F (2.23)

Since ¢ has to be dimensionless, the right way to put back A and ¢ factors is

Ami,ctL
== 2.24
Y= " 4Ehe (2.24)
By inserting the constant values we get
Am?, L GeV
=1.267T—22 — 2.25
v V2 km E (2.25)

which is very useful and of easy and practical application. From this expression it
is straightforward to notice that oscillations are suppressed by the Lorentz time-
dilatation factor m/E as well as it happens in decays. From Eq. 2.25 it is also
possible to obtain an expression for the oscillation wavelength:

2
sin ¢ = sin kL = sin TWL
2rL 8Tk E eV?
A=—=—-=248km——— 2.26
~ ® Am3, M Gev Am3, (2.26)

There are some interesting different regimes of these formulae that are useful when
facing a realistic setup where the neutrino beam is not monochromatic, and the
energy resolution of the detector is not perfect. In this case it is needed to average
the oscillation probability around some energy range AE. Furthermore, the pro-
duction and detection regions are not points: one needs to average around some
path-length range AL, too. If ¢ < 1, the oscillation probability is very small,
up to the point that there is no oscillation at all. On the contrary, if ¢ > 1,
the sine squared averages to 1/2 and the oscillation probability becomes constant
and independent from the energy and the distance between the production and
detection points. In this case the appearance and survival probabilities become:

1 1
P, = §sin2 20, P, _, =1- 3 sin® 26 (2.27)
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2.3.3 Three-neutrino oscillations

In the case of more than two types of neutrinos, the formalism is the same as the
one used for the simpler case of two families. In the case of three families it is
possible to write

) = > U ) (228)

where [ = e, u, 7 and U is the neutrino mixing matrix (Pontecorvo-Maki-Nakagawa-
Sakata matrix or PMNS matrix, [36]). If the number of leptonic eigenstates is equal
to the number of mass eigenstates, U is a unitary matrix, i.e. UU' = UTU = 1,
because of the conservation of probability. There is also the possibility that the
number of mass eigenstates is higher than the number of active neutrinos®: these
states are the so-called “sterile neutrinos” because they are chargeless for any
known interaction in the SM. In this thesis we will assume that sterile neutrinos
do not exist.

Of course this kind of formalism for the description of neutrino oscillations can
be easily adapted to the most general case of n families, simply adding dimensions
to the PMNS matrix U. Since U is unitary, it can be shown that the number of free
parameters needed to describe it consists of n(n—1)/2 angles and (n—1)(n—2)/2
physical phases in the case of Dirac neutrino fields or n(n —1)/2 phases in the case
of Majorana neutrino fields [37]. In the case of 3 families the usual parametrization
of U is the following:

1 0 0 cos b3 0  sinfyze ™
U=1|0 COS 923 sin 923 . 0 1 0
0 — sin o3 cos O3 — sin 6,3 0 cos B3
cos 012 sin 019 0 ei®1/2 0 0
—sinf,  cosbyy, 0] - 0 ei®2/2 (2.29)
0 0 1 0 0 1

where 0 e ¢y 5 are respectively the Dirac and Majorana phases.

By following straightforwardly the steps done in the previous section, it is possibile
to derive the expression for the probability of oscillation also in this case. Just for
the sake of completeness we write here the expression for the vacuum oscillation
probability [ — I’ with [ # [":

2
Am3y,

2p

Py = wr) =Y (U PIUG P + 2D Uk USsUUsy | cos( L — i) (2.30)
j

>k

where [,I" = e, p, 7 and . = arg(Up;Up;Un Uy,

SWith “active neutrinos” we mean the neutrinos that weakly interact.
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2.3.4 MSW theory

The MSW (Mikheyev-Smirnov-Wolfenstein, [38, 39, 40, 41]) effect is the effect of
transformation of one neutrino species (flavor) into another one in a medium with
varying density. The Hamiltonian of the neutrino system in matter, H,,, differs
from the Hamiltonian in vacuum, Hy: H,, = Ho+ H,,q+ where H,, .+ describes the
interaction of neutrinos with the particles of matter. However, the cross section
for the interaction of a neutrino with an energy ~ MeV with the Earth is very
low. The probability of such a reaction is of the order of 10712, Still, the presence
of matter can significantly affect neutrino propagation.

This phenomenon has a well known optical analogue. A transparent medium
negligibly absorbs light, but still significantly reduces its speed according to its
refraction index. Since matter is composed by electrons (rather than by muons
and taus), electron neutrinos interact differently than muon or tau neutrinos. This
gives rise to a flavor-dependent refraction index. Forward scattering of neutrinos
interferes with free neutrino propagation, giving rise to refraction and so changing
the description of neutrino oscillations.

Since weak neutral current interactions of neutrinos on quarks and electrons
are the same for all flavors, they do not give contribution to transitions between
active neutrinos. The interesting effect is due to v, e scattering mediated by the
W boson that is described at low energy by the effective Hamiltonian

4G 4G
Hepp = 7; (e Prve) (D! Pre) = 7; (ZevuPrve) (84" Pre) (2.31)

where the Fierz identity and the fact that fermion operators anticommute were
used. Since we are studying the effect of electrons in matter on neutrinos that
propagate at a speed really close to the speed of light, we can assume that electrons
are at rest. This condition describes well both what happens in the Earth and in
the Sun. If electrons are at rest, just the piece with y = 0 survives and so

1-— N,
<é'yu 275€> = 2@)(1,0,0,0)#

= (Hepp) = V2GpN.(2) (P Prve) (2.32)

This shows explicitly that just electron neutrinos are involved in this kind of in-
teraction. In the basis of flavour eigenstates, i.e.

Ve

= [v, (2.33)

Vr
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the matter Hamiltonian is

100
Hppattw = V2GpN,(z) [0 0 0 (2.34)
000

where G is the Fermi coupling constant and N, is the density of electrons in
matter. It can be shown that in the case of antineutrinos just a sign changes
Hmatt,l? = _Hmatt,l/-

The potential V = v/2G N, does not produce oscillations at all, it just changes
the v, phase. “Matter oscillations” are different from vacuum oscillations because
of this difference in the v, phase. In order for this effect to occur it is needed that
the vacuum Hamiltonian is of the same order of the matter potential. If we define
K = AQ—”; (this is the term which matters in vacuum oscillations) it is required
that V/K ~ 1 to observe matter effects. A practical expression of this ratio, used

in solar neutrinos physics, is the following:

V o \/éGFNe o pY; Am%? E (2 35)
K Am 100 moles/cm® Am? 5MeV '

where p is the density of the matter and Y, is the fraction of electrons per atoms
(Y, = £ for neutral matter). Useful numbers are the following: p ~ 12g/cm® in
the centre of the Earth while p ~ 150 g/cm?® in the center of the Sun. If V/K <« 1
matter effects are negligible, while the more you increase the energy, the more
matter counts.

Let us study in more detail what happens when only two families of neutrinos
give contribution to this effect. This is the typical condition that occurs while
studying neutrino oscillations inside the Sun.

In this case and in the base of flavor eigenstates, the vacuum Hamiltonian can
be written as
m? .
Ho=r(2® O\r, R=( sl sinf (2.36)
0 oz —sinf cosf
It is possible to modify the way to write down the Hamiltonian as following

m? 0 mim g mi+m3 (1 0 momQ
0 2| = m2—m2 + — ~ m2—m2

(2.37)
just because a rigid shift in all energies is not physically relevant. This means that
for Hy we have

0o cos@ siné —% 0 cos) —sinf\ E —cos 26 sin20
07 \—sinf cosd 0 g sin@ cos@ |/ 2\ sin20 cos?20
(2.38)
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Figure 2.5: Effective masses and mixing angle in matter for two neutrino flavors
as a function of the density for § = 0.3, Am? = 0.5eV? [31].

m2—m2
where we have defined k = —=-——1.

Recalling the form of the matter Hamiltonian from Eq. 2.34, we have
V0
Hmatt - (O 0) (239)

where V = v/2GrN.. As we did in Eq. 2.37, we can subtract the trace from H,,q
and so we can get

o<

Hopatt ~ < OV) (2.40)

The full Hamiltonian H is the sum of the vacuum and the matter terms, i.e.
H = Hy+ Hpai:

H

k_M —cos 20y, sin 20y her ksin 20 = ks sin 20, (2.41)
2 sin20,; cos20,, /)’ whe k cos 20 = ks cos 20, '

By these definitions, the Hamiltonian in presence of matter has the form as the
one in vacuum. The only difference is in the presence of two effective parameters,
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kyr and 6, that can be derived easily from the previous equation:

ky = i\/(k’ sin26)® + (kcos 20 — V)?
sin 260

S opn V
cos 20 — T

tan 20y, = (2.42)

The last equation shows that we can find some values of the energy so that
tan 20y, = +oo = 0y = 7. This is the so called condition of “resonance”: even
if the vacuum mixing angle # is very small, for some neutrino energies and when
neutrinos propagate in the matter, the effective mixing can be larger, and even
maximal, i.e. 0y ~ §. The behavior of the parameters in Eq. 2.42 is sketched in

Fig. 2.5. As an additional comment, instead of defining the parameter kj;, one
Am%/[

usually defines the “effective masses” simply by ky = =2~.

2.3.5 Application of MSW theory to solar neutrinos

In order to study solar and supernova neutrinos it useful to develop an approxima-
tion for the oscillation probabilities for neutrinos produced in the core of the star
(where matter effects are important), that escape into the vacuum (where matter
effects are negligible). At certailn energies matter effects are important. Here, we
discuss the case of two neutrino generations in the Sun.

1—Pg
LV, %o
P
3y o g v
é e - - &
P - ~
__.a'"'.-. - H_‘-
P -\__I
1- P, 1

Figure 2.6: Propagation of a neutrino from the Sun to the Earth [31].

v, are produced in the inner part of the Sun (r ~ 0). Since inside the Sun
the relation |v.) = cos Oy |v1ar) + sin by |vapr) holds, the probabilities of v, being
vin(r = 0) or vop(r = 0) are cos?6y, and sin? 0y, respectively. When there is
resonance, i.e. matter effects are dominant, sin? 6y, = 1 and so |v.) & |van).
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Figure 2.7: Behavior of P(v, — v,), first presented in [39], that illustrates the
limiting regimes of Eq. 2.43(absorption is neglected). At lower energies matter
effects are negligible. At intermediate energies matter effects are dominant and
adiabatic. At higher energies the MSW resonance is no longer adiabatic. The
numerical example corresponds to solar oscillations. « is the so called “adiabaticity

parameter” that measures how much adiabatic the process is. For further details,
see [31].

It can be seen that the neutrino oscillation wavelength A is much smaller than
the solar radius: in this case phases average out so that it is possible to combine
directly probabilities instead of amplitudes. In addition to that, the “adiabatic
approximation” is valid in this situation. This means that the solar density changes
very “slowly” and that each neutrino mass eigenstate stays the same. In the limit
in which the density is constant this is fully true of course, but when density
variations become “fast” it is possible to observe some level-crossings between the
two mass eigenstates”. We will call the probability of mass-flipping Po [42] but we
are not going to derive an expression for it, since it is not strictly useful for generic
understanding of the problem®. A more detailed discussion can be found in [31].

After the production in the core of the Sun and the propagation through it and
to the Earth, neutrinos propagate in the atmosphere and eventually in the Earth
before reaching the detector. This introduces very small modifications.

In Fig. 2.6, the situation briefly discussed is summarized. Electron neutrinos

"We are working in the base of the Hamiltonian eigenstates in the center of the Sun.
8moreover, Pc is very small in case of LMA solution prefered by experimental evidence
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are produced and with certain probabilities (cos? @), and sin®#);) they are one
of the two Hamiltonian eigenstates in the point of production (i.e. the core of
the Sun). Neutrinos then traverse different densities on their way through the
Sun. This means that the eigenstates at the point of production are no more
eigenstates of the Hamiltonian, because H depends on the density: it is possible
that flips between the two initial eigenstates occur. Finally, neutrinos propagate
in the vacuum and so the mixing angle is just #. In any step of the process,
oscillations are averaged because L > \.
As a final result, combining all the probabilities of fig. 2.6, one gets [43]:

1 1
Py, = v,) = 5 + <§ - PC) cos 26 cos 20y, (2.43)

where, again, 6, is the mixing angle at the production point. As a summary of
this formula, it is very useful to take a look at Fig. 2.7, where electron neutrinos
survival probability is plotted as a function of neutrino energy. As it was previously
anticipated, where neutrino energy is sufficiently small matter effects are negligible,
while increasing the energy, their contribution gets higher. The red part of the
line shows the transition from vacuum to matter enhanced oscillations in condition
of adiabaticity. This is what actually happens inside the Sun with typical solar
neutrino energies. If the energy increases more, then non adiabatic effects get more
relevant.
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Chapter 3

Solar neutrino experiments

The first discovery of neutrino was performed in Homestake observatory and it
was neutrino from the sun. All the further studies of neutrino properties could
hardly be separated from solar neutrino experiments. And while the Sun is not
studied well enough to predict neutrino production and propagation exactly such
experiments study simultaneously the Sun as it is and neutrino properties as they
are. Regretfully, in case of neutrino rather than antineutrino it’s hardly possible
to have a low-energy artificial source on distances corresponding to significant
oscillation effects, thus solar neutrino physics is one of the main parts of neutrino
physics as it is. Moreover, this is a great opportunity to study the Sun and to get
better understanding on what to expect from generic stellar construction. The field
of solar neutrinos includes a large number of different experiments and provides
us with practically the full spectrum of possible neutrino detection techniques
and is very interesting both in the sense of neutrino studies as well as in generic
low-background physics. In this section we will review the most important solar
experiments of the past and present.

3.1 Solar neutrino problem

The solar neutrino problem was established by Homestake neutrino observatory.
It detected neutrino flux of 2.56 SNU while the theoretically predicted flux consid-
ering solar model was giving prediction of much higher flux, order of three times
more. Despite all the measures that were taken to understand leakage of events
from the experimental setup including calibrations of extraction and counting effi-
ciencies, the result did not change much: the neutrino flux observed was still way
too small with respect to the predicted one with very high statistical significance.
That meant that there is something wrong with solar model or neutrino physics
since the experiment was unlikely to produce such discrepancy itself due to ex-
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perimental error. But what? Maybe solar model? Since the only flux measured
was the flux of boron neutrinos it was quite possible that the sun is constructed
differently and produces less neutrinos above experimental threshold: one needed
to lower the threshold and to detect pp neutrino which are related with solar lu-
minosity as it is and can not variate that much. Or there was still a possibility
of some unknowns with neutrino itself, so it propagates in a way different from
expectations. That created the theory oscillation and of matter effects and was
another possibility of explaining neutrino deficit phenomenon. But in any case it
had to be investigated in order to get an understanding of the reasons that we
observe less neutrinos than we expect. Here the story of neutrino problem begins
and starts it’s slow movement to the solution that hopefully will appear sometime:
it is still not understood completely even now.

3.2 Gallium experiments: SAGE and GALLEX

Some additional information on solar neutrino problem could be derived in case one
cold lower experimental threshold. In fact, chlorine experiments have an intrinsic
problem having energy threshold of 814 keV that automatically means that a
significant amount of solar neutrinos are simply not registered due to their low
energy. Same time one could try to perform an analogical experiment with lower
threshold by changing the nuclei for inverse beta-decay neutrino registration.

In 1965 Kuzmin proposed a possibility of performing neutrino detection based
on Gallium reaction[44]:

ve+ Ga =™ Ge+e” (3.1)
Source || Flux (10* ecm™2 s71) Cl (SNU) | Ga (SNU)
pp 5.95 (1.007501) 0.0 69.7
pep 1.6 x 1072(1.00%5%) 0.22 2.8
hep 9.3 x 1077 0.04 0.1
"Be 4. 84 x 1071(1.00%033) | 1.15 34.2
5B 5.25 x 107 (1.00%91%) | 5.76 12.1
BN 5.48 x 1072 (1.00752L) | 0.09 3.4
150 4.80 x 1072 (1.0075:25) | 0.33 5.5
ITE 5.63 x 107 (1.0075:2%) | 0.0 0.1
Total 7.6 12879

Table 3.1: The solar neutrinos fluxes and neutrino capture rates in the Cl and Ga
detectors under assumption of no propagational effects on neutrino flux [45, 46]
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Such reaction would have energy threshold of 233.2 keV that means that it is
able to be induced by all kinds of solar neutrino. In the table 3.1 one could see
the improvements that are obtained by migrations from chlorine to gallium. An
enormous amount of efforts were performed to create an active experiment using
such reaction, namely the extraction algorithm becomes way more sophisticated
with respect to chlorine experiment that means way more complicated chemistry.
Nevertheless in the end of 80’s - beginning of 90’s two different experiments based
on this reaction started data-taking.

3.2.1 GALLEX/GNO neutrino experiment

One of these two experiments is GALLEX/GNO that was built in national Gran
Sasso Laboratory (LNGS) in Italy [47]. The detector target mass was represented
with a 54 m3 tank filled with 101 tons of gallium chloride solution in hydrochloric
acid(GaCls - HCI) that corresponds to total Gallium mass of 30.3 tons (fig. 3.1).

Periodicity of extraction was three weeks; each extraction cycle included ger-
manium chloride extraction by nitrogen stripping since this substance is gaseous
with consequent absorption in water. After some chemical procedures germane
gas (GeH,) was obtained and used for counting purposes.

Such detector should be operated under consideration of non-neutrino germa-
nium production in (p,n) reaction that means that one needs to keep appropriate
purification level as well as good cosmic ray shielding to prevent cosmogenic ger-
manium production, that means corresponding neutron shielding reducing the fast
neutron flux produced in the rock under muon affection. Acidity of the solution
was kept for ensuring of germanium production in form of chloride that could be
separated from basic target substances due to volatility. The overall extraction
procedure efficiency was as high as 94.1 %; counting was performed in xenon envi-
ronment with application of low-background proportional counters, distinguishing
reaction of electron capture on germanium by characteristic gamma-rays.

The detector was operated since 1991 and finished operation in 2003, providing
quite high statistics of gallium neutrino data.

Germanium extraction procedure As in every radiochemical experiment the
most thin moment is related with the procedure of neutrino interaction product
extraction from the bulk of detector target mass. Neutrino production is very
small and counts single atoms per target mass of tons so efficiency of extraction
procedure should be very high and separation ability of the approach should also
be outstanding to concentrate all of final atoms in a small volume for counting pur-
poses. In case of GALLEX/GNO the extraction procedure included the following
steps:
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Figure 3.1: Principal scheme of GALLEX/GNO Neutrino experiment

In the beginning of every run around 1 mg of stable germanium carrier was
added to the target solution; during and after this addition the solution
was stirred with nitrogen flux for 9 hours. Carryover stability was monitored
with stable enriched isotopes of germanium, i.e. ">Ge, *Ge, "*Ge. The checks
were performed between runs with mass-spectrometric approach, germanium
concentrations were controlled through absorption atomic spectroscopy. On
three-week basis the solution was stripped with 1900 m? of nitrogen within 20
hours with temperature of 20 °C Extraction efficiency typically stayed around
99%. Such number allowed performance of extraction efficiency correction
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on the level of target gas stripping

e The volatile germanium tetrachloride was absorbed in water by scrubbing
the outcome gas through three large absorber columns (3 m high, 30 ¢cm in
diameter)at 12°.

e The germanium tetrachloride gas was desorbed with consequent reabsorption
in 50 mL of specially prepared tritium-free water. This sample was finally
used in germane gas production for the consequent purification procedures
precessing counting phase.

The procedure resulted in production of actual germane gas that was possible to
use for the final analysis with the known and controlled extraction efficiency that
was needed to perform the corresponding corrections in derivation of the number
of neutrino events.

counting Counting of the obtained atoms number is also a quite sophisticated
and crucial phase of the experiment. In order to optimize the counting efficiency,
germane was mixed with xenon gas with proportion of 30/70. At this phase the
extraction efficiency was controlled through the values of original and extracted
non-radioactive carrier. A filled proportional counter was embedded in lead mold
with preamplifier box that was mounted inside a Faraday cage. The typical delay
between the beginning of extraction phase corresponded to the value of 14 hours,
while germanium has the life time of 11.43 days so the loss of statistics throughout
the extraction procedure was considerably small. Germanium electron capture
could be distinguished by X-ray cascades of energy of 10.36 keV (K-line, the more
intensive line) and 1.17 keV(L-line). As for calibration purposes were used xenon
fluorescence X-rays with energies of 1.03 keV, 5.09 keV and 9.75 keV, that allowed
to understand energy response and resolution of the proportional counters.

The obtained count rate of original GALLEX experiment in 1991 - 1997 gave
the value of 71.34+7.2 SNU. The result of the following phase called GNO is demon-
strated on fig. 3.2 and shows quite stable rate with the average value of 67.6 + 5.1
SNU that is approximately twice smaller than the value expected from the solar
model, so this experiment confirms solar neutrino problem also with much lower
threshold; As the procedure of carrier-based calibration did not look very reliable,
the detector was calibrated with °'Cr neutrino source and had shown satisfactory
result of neutrino detection with valid systematic uncertainty. Still, gallium in
complex chemical form could be a source of doubts as well as the chemical pro-
cedure of germane production, so one could think of pure metallic germanium
detector as a more clear alternative. And such detector actually existed.
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Figure 3.2: Count rate of GNO Neutrino experiment

3.2.2 SAGE

Soviet-American Gallium Experiment (SAGE) is another experiment based on in-
verse beta-decay on gallium [48]. The main difference with respect to GALLEX/GNO
is usage of gallium in metallic form rather than in form of solution that means
more simple chemistry application. Of course that means production of metallic
gallium in appropriate amount that means very large cost and complexity of such
experiment organization. But the situation was that soviet industry was unable to
provide appropriate purity of gallium chloride and thus it was decided to perform
the work with metallic gallium. Such decision it allowed to overcome purification
issue since pure metallic gallium was less sensitive to radioactive admixtures. The
possibility of efficient extraction germanium atoms from metallic gallium was al-
ready demonstrated by R. Davis and was confirmed within preliminary studies.
In 1984 the group that performed GALLEX/GNO experiment was separated from
the group that pursued metallic gallium experiment; that allowed to have two
experiments using the same neutrino registration methods with absolutely differ-
ent algorithms of extraction the increased reliability of combined solar neutrino
results.

INR (Institute of Nuclear Research) Baksan Neutrino Observatory was orga-
nized in the north Caucasian mountains close to the Baksan river source at about
1700 m above ground level. The experimental tunnel with horizontal access was
located inside the rock of Andirtchi mountain. Building of this laboratory was
started in 1967 with the purpose of locating there three different radiochemical
neutrino experiments based on inverse beta-decay of chlorine, lithium and gallium
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and thus sensitive to different parts of solar neutrino spectrum. The laboratory has
the passive shielding of 4700 meters of water equivalent (m.w.e.) with measured
muon flux of (3.03 £ 0.10) x 10~ %em 2571

An advantage of liquid metallic gallium usage is in much lower sensitivity to
external radioactivity that was approximated to be less than 1 % with respect to
neutrino germanium production for neutrino rate expected from Standard Solar
Model even in case of no specific measures applied for external neutron flux re-
duction. Nevertheless, the laboratory used special low-background concrete that
apart from the construction function provided significant reduction of neutron
background since it was expected to obtain neutrino rate lower than expected as
it happened in case of chlorine experiments.

Mixer motor

Cutters

on tank
Mixer
Heater

Figure 3.3: Picture and Principal scheme of SAGE chemical reactor.

The detector target was containing by 50 t of metallic gallium located in 7
chemical reactors(fig. 3.3). Every measurement was started from adding tablets
of gallium alloy with stable germanium in known quantities for the purpose of
extraction efficiency control. Germanium was uniformly distributed in the total
gallium mass. Taking into account expected neutrino rate of 128 SNU and total
mass of 'Ga of 19.9 tons giving germanium production of 1.9 atoms per day
together with germanium life time of 11.43 days one could establish single run
exposure duration of 4-6 weeks until stabilization of Ga/Ge ratio in the target.
After exposure cycle germanium atoms were extracted and counted with xenon-
based proportional counters.

extraction procedure Extraction procedure was performed within chemical
reactors, that were connected to each other with Teflon piping fitted with a fluid
pump allowing to transport liquid gallium among them. A reactor had construction
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of 2-ton Teflon barrel where mixture with chemical reagents was provided by a
specially designed mixer with maximum velocity of 80 rpm. As for more efficient
mixing the reactor was equipped with Teflon mixers located on the inner side of
the upper cap. Extraction of germane gas was performed with vacuum pump.
Extraction efficiency strongly dependent on the hydrogen peroxide concentration
in a chemical reactor as well as of the volume of water phase that was defining
efficiency of consequent concentration of germane needed for counting analysis
performance. A method accounting all possible issues of the chemical process was
developed and provided overall extraction efficiency of 95 4 3% with residual of
less than 1 % of gallium.

counting phase Counting phase of SAGE experiment was in a lot of sense anal-
ogous to the one used in GALLEX/GNO experiment where proportional counters
were used to detect K- and L-captures of germanium atoms by corresponding X-
ray cascades. Starting from 2001 the experiment uses YCT(Yants-Carbon-Thin)
counters developed in INR specially for this experiment. These counters used thin
carbon cathode on the inner layer of the quartz vessel rather solid cathodes in
classical scheme. This allowed to exclude ”"dead” volume behind the cathode , de-
creasing counting efficiency uncertainty. Together with all other measures applied
in these counters volume efficiency of counting reached the value of 96 % with
uncertainty of only 1 % than allowed to increase intensities by 25% and 10 % in
K- and L-peaks respectively. Impulses from the proportional counter were also
selected by shape of the signal front edge that was steeper for expected X-rays
with respect to background events. Counting was performed within 5-6 months
inside Nal block connected as anticoincedence scheme for active shielding purpose
. In order to reduce radon contamination around the counters the counting system
was fluxed with evaporating nitrogen. The same time the facility had also a pas-
sive shield constructed of consequent layers of iron, lead copper and wolfram. All
components of the system were constructed with usage of special low-radioactivity
materials.

The counting system provided minimization of uncertainties that could appear
within this phase together with maximization of counting efficiency giving the
maximum achievable precision for this detector type.

results The detector was running for quite large temporal period. In the mean-
while it was calibrated with chromium source and the calibration gave satisfactory
results on the detector neutrino detection reliability. The final results grouped by
runs and years are represented on fig.3.4

The overall number gave 65.4 + 2.7 + 2.7 SNU that is in a good agreement
with the final GNO results and is a definite confirmation of solar neutrino problem
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Figure 3.4: Results of SAGE detector binned by runs(upper) and years (lower).
On upper plot blue points correspond to counts in GNO and red ones to SAGE
accounting only K-line rather than both K- and L- lines.

as a physical phenomenon. Since gallium detectors detected most of the solar
spectrum it was practically unbelievable that the root of the problem was lying
in our understanding of the sun. So one could expect oscillational solution, but
the last word in this problem was said by the next detector type - Cerenkov effect
water detectors.

3.3 Cerenkov neutrino experiments: SNO and
SuperKamiokande

All the detectors mentioned were based on radiochemical algorithm. This algo-
rithm provides very good neutrino interaction signature, but two pieces of infor-
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Particle | Energy threshold (MeV)
e* 0.768
pt 158.7
nt 209.7

Table 3.2: Cerenkov threshold energy of various particles in water.

mation escape from these detectors: time and energy. Absence of temporal infor-
mation prevents these detectors from observation of such important phenomena
as temporal variations of neutrino related with distance to the sun and propa-
gation through the Earth that could be detected in case of a real-time detector.
Absence! of energetic information does not allow to distinguish different spectral
components of solar neutrino spectrum and thus significantly limits the detector
abilities; in fact these detectors just produce one integral number. So the way to
overcome such limitations one should build a real-time spectrometer capable of
neutrino detection, and such task is outstandingly difficult since neutrino interac-
tion rate is tine with respect to possible backgrounds. Same the detector should
be big, very big in order to be able to register significant number of neutrinos.
One of the possibilities of a real-time detector is a water Cerenkov-based detector.

3.3.1 Physical principle

In a medium with an index of refraction n the light velocity is ¢/n. When a
charged particle passes through the medium with a velocity larger than the phase
speed of light, so called Cerenkov light is emitted [49]. This threshold velocity
corresponds to a minimum energy; some examples of this threshold energy in the
case of water (n = 1.33) are shown in Tab. 3.2.

Cerenkov light is emitted in a cone of half angle § from the direction of the
particle track, where 6 is given by

1
0=— 3.2
cos R (3.2)
with 5 =v/c. In water, Qhas a value of 42° for g = 1.
The spectrum of the Cerenkov light as a function of the wavelength A is:

dN 2rax 1 1
— = 1— — 3.3

d\ c ( n252) A2 (3:3)
where « is the fine structure constant and x is the length of the charged particle
trajectory. A charged particle emits about 390 photons per centimeter of path

Lthreshold of the reaction actually gives some information of neutrino energy, especially in
case of several reactions combination
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length in the water in the wavelength region approximately 300-700 nm, where the
photomultipliers are sensitive.

The event vertex and direction of the charged particles are reconstructed using
the hit PMT locations and times that on practice results in Time-Of-Flight (TOF)
likelihood analysis, while the energy could be estimated by the number of registered
PMT hits or charge. Thus such detectors could have sensitivity to directionality,
time and energy of an event and the only practical disadvantage is inability to
work at low energies close to Cerenkov Threshold.

3.3.2 Sudbury neutrino observatory

The first examples of large water Cerenkov detectors existed before appearance of
the Sudbury neutrino observatory, by this detector is probably among the most
important in the history of solar neutrino physics. The detector was located at 2
km underground in INCO’s Creighton Mine in Canada on the depth of 2 km or 5900
m.w.e. that made this laboratory the deepest in the world until recent construction
of PandaX laboratory in China. SNO was built for the sake of studying neutrinos
from ®B with different reactions on heavy water.

Radiochemical experiments detected less neutrinos than expected by factor of
2 in the total energy range and by factor 3 at high energies. These experiments
had sensitivity to electron neutrino only and as neutrino oscillations became the
most reasonable explanation of this observation it became a great interest to check
out the channels that were hidden from the radiochemical experiments with an
appearance experiment on non-electron neutrinos. SNO was designed mostly to
perform this check and thus to be sensitive to all neutrino flavors.

SNO detector has construction of an acrylic sphere with radius of 6 m filled
with a kiloton of ultrapure heavy water. The sphere was surrounded by stainless
steel geodesic support structure fitted with 9438 inward-looking and 91 outward-
looking 20cm PMTs(photomultipliers). The whole construction was located in an
underground cavity (fig. 3.5), filled with 7 tons of ultrapure light water. The
radioactive background treatment was quite careful ind included careful selection
of construction materials by the criterion of low level of radioactive impurities.
Also the detector was equipped with a purification system providing purification
of water inside the acrylic vessel as well as the outer volume that served as a shield
for external activity coming from the rock and support structure. The purification
system succeeded to reduce natural radioactivity in the heavy water target to the
levels of 4.5 x 1071*g/g for uranium and 7.7 x 107'%¢g/g for thorium that reduced
the number of neutrons that could mimic neutrino signal in the detector to the
level below one event per day. Large depth provided the detector with reduction
of muon rate to the level of 70 muons/day.
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Figure 3.5: Principal scheme of SNO neutrino detector

Stability of the detector conditions was ensured by routine calibrations includ-
ing:

e optical calibrations with nitrogen laser optically connected to an isotropic
scattering ball that allowed monitoring of optical conditions nonuniformity
as well actual conditions of the PMTs including quantum efficiencies and
electronic channel gains.

e gamma-ray calibrations with 1°N(6.13 MeV), accelerator-produced gammas
from reaction H (p,y)*He (19.8 MeV) that included usage of miniature par-
ticle accelerator and with 2*Na gamma source(1.4 MeV, 2.8 MeV)

e clectron calibrations with ®Li source producing beta-spectrum with endpoint
of 13 MeV

e neutron calibrations with 2°2Cf sources
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Neutrino detection was performed through the following reactions:

ve+d—2p+e (CO)

Ve +d—=p+n+v,(NC)

Vet e — vz +e (ES)
(3.4)

The reactions corresponding to elastic scattering(ES), neutral(NC) and charged
(CC) current thus allowed to separate different flavors of neutrino. The charged
current reaction with the threshold of 1.44 MeV was possible to perform only
by electron neutrino interaction and was detected by moving electron that was
getting most of the reaction energy due to smallest mass providing significant
information on the original neutrino spectrum. This reaction was distinguished
by 42° half-angle cone with reconstruction of event vertex and direction through
Time-Of-Flight analysis.

The neutral current reaction with the threshold of 2.22 MeV was detected
through the free neutron that was thermalized and captured inside the detector.
The capture resulted in one or several gammas producing multiple Compton elec-
trons that were detected by Cerenkov radiation.Importance of this channel meant
that one needed high efficiency of radiative neutron capture.

The elastic scattering reaction is mostly sensitive to electron neutrinos since
inclusion of charged current interactions increases the cross section approximately
by factor of 6. This reaction was also detected by Cerenkov radiation of a single
electron, thus could have been distinguished from charged current reaction due to
directionality and (less) spectral shape since recoil electron is not gaining the total
amount of neutrino energy and momentum.

Such organization of the detector data analysis allowed to test neutrino fluxes
of all flavors, providing a practical test of oscillation hypothesis based on migration
of solar neutrinos to the channels invisible for radiochemical experiments due to
oscillation process.

Experimental results The experiment was operated in three phases with dif-
ferent operating conditions that were changed for the sake of improvement of
charged /neutral current neutrino separation

SNO I covering 306.4 live days, operated from November 1999 through May
2001 with pure heavy water. The NC channel neutrons are captured by deuterium,
producing a 6.25 MeV ray; since the neutron capture efficiency of deuterium is low
(14.4%), was not possible directly differentiate CC, ES and NC interactions. In
fact, the separation was done only selecting a certain kinetic energy threshold
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(T >5 MeV) for particles inside the fiducial volume (R <550 cm). The flux of ®B
neutrinos (in units of 10% cm™?s™!) measured in this phase, assuming the standard
spectrum shape without any propagational deformation, is [50]:

dec = LT62005 (stat) "o (syst) ,
dps = 2.3970 31 (stat) Ty 15 (syst) ,
ONC = 5.09f8j§(stat)+8 ig(syst)

The 5.3 o difference between the NC and CC fluxes provide an evidence for neu-
trino flavor transformation. In addition, the NC flux is in agreement with the
Solar Standard Model prediction for *B: ¢ggy = 5.05753] x 106cm=2s7.

SNO II covering 391.4 live days, operated from July 2001 through August
2003 with 1950 kg of purified NaCl dissolved in the heavy water [51]. The salt
was added in order to improve the neutron detection efficiency to 39%, allowing a
more easily NC and CC signal statistical separation. In fact the neutron capture
cross-section of *Cl in NaCl was increased (44 mb versus 0.0005 mb due to the
2H) and gamma rays produced are a cascade with 8.6 MeV energy, well above to
the analysis’s electron kinetic energy threshold (7' > 5.5 MeV). After the fiducial-
ization the model-independent flux of B neutrinos in the SNO detector results
[52]:

oo = 1597003 (stat) T g (syst) ,
drs = 2.21735(stat) g (syst) ,

Pnc = 521702 (stat) T05s (syst)

and the ratio of the CC and NC reactions is ¢cc/dnc = 0.306 + 0.026(stat) £
0.024(syst), in agreement with the Solar Standard Model predictions and the hy-
pothesis of flavor transformation. It is possible to derive the mixing parameters
without any constrains on the v, from ®B spectra: the best-fit point obtained
by a global analysis combined with other solar and reactor neutrino results yields
Am?2,=7.1752x107° eV? and 6, = 32.5733 degrees, rejecting the maximal mixing
at a level equivalent to 5.4 o.

SNO IITI covering 385.17 live days, operated from November 2004 through
November 2006 with an array of *He proportional counters [53]. After removing
all Nal salt from the previous phase, the counters, composed by 36 strings that
were deployed in the D,O forming a lattice on a 1 m grid, were used for a direct
counting of NC neutrons by 3He(n,p)>H reaction. The string were able to detect
both proton and triton (764 keV total kinetic energy) between 191-764 keV energy,
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allowing a direct separation of the NC and CC/ES signals. The efficiency was
highly increased since the neutron capture cross section on He is sy, ~ 107 X 02p.
Four additional strings filled with “He were insensitive to the neutron signals and
were used to study backgrounds. After the fiducialization and fixing the energy
threshold to 6.0 MeV, the more precise flux of ®B neutrinos directly measured in
the three different channels is [54]:

doc = 167053 (stat) Fooe (syst)
drs = L7705} (stat) 10 (syst) ,

dno = 5.547 5 (stat) i (syst)

and the ratio of the CC and NC reactions is ¢cc/dnc = 0.301 = 0.033(total) that
is in agreement with the previous measurements.

A combined analysis of all three SNO’s phases [55] provides a total flux of solar
neutrinos from 8B results of gsgy = (5.25 4 0.16(stat) "0 15 (syst)) x 10%cm =25, in
agreement with the Solar Standard Model predictions (high metalicity case, HZ).
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Figure 3.6: final result of SNO experiment on neutrino flux measurement through
different currents. Dashed lines represents expected number of n