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Introduction  
 

The research activity of my PhD program was carried out as part of the T2K-SK 

experiment, a "long baseline" neutrino oscillation experiment that aims to 

measure the oscillation parameters. In T2K an almost pure beam of ɜɛ with 600 

MeV/c peak energy is produced in the research accelerator complex, called J-

PARC (Tokai village on the east coast of Japan); after being sufficientely 

characterized by a set of detectors placed in the so-called Near Detector 

(ND280) in order to measure the flow of neutrinos before the oscillation process 

takes place, it is subsequently intercepted at a distance of 295 km by the Super-

Kamiokande detector . The latter is located in Japan in the Kamioka mine (the 

current name from the city is Hida), an inactive zinc mine within Mount 

Ikenoyama. Its stainless steel tank, 41 meters high and with a diameter of 39.3 

meters, contains 50,000 tons of ultra pure water, so transparent that the light 

must cross about 70 meters before losing half its intensity. The inner part has a 

volume of about 32 kton (22 ktons fiducial) and it is surrounded by 

approximately 11129 PMTs with a diameter of 50 cm, which cover about 40% 

of the surface: the photomultipliers record the Cherenkov light produced by the 

secondary particles of the interactions between a neutrino and water.  

From the incidence time on the wall of PMT (the temporal resolution is a few 

ns) it is possible to reconstruct the interaction vertex of and the particles 

direction while the total number of photoelectrons makes it possible to trace its 

energy. 

The external part has a mass of about 18 kton and is equipped with 1885 PMT 

with a diameter of about 20 cm that look outwards: it works as a screen and veto 

for environmental radioactivity and allows to identify cosmic rays and muons 

produced by neutrino interactions outside the detector or those events that are 

not completely contained within the fiducial volume. 

The possibility to measure the direction and energy of the neutrino at energies 
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lower than 20MeV is heavily limited in the Cherenkov's Water, due to the 

Coulomb multiple scattering. An accurate calibration of the detector in this 

energy range is therefore fundamental. 

The Super-Kamiokande (SK) detector, described in the chapter 2 is sensitive not 

only to the interactions of neutrinos coming from JPARC, but also to those 

generated for example inside the sun and/or by SuperNovae. In particular, with a 

threshold set near 3.5 MeV, SK is currently the largest and most sensitive 

observatory to these phenomena. This reason why the calibration response to 

electrons generated by the interactions of neutrinos with an energy in 5-20 MeV 

range, is particularly important for its impact on these measures. 

The calibration response to electrons in Super-Kamiokande, is carried out 

periodically thanks to a LINAC that accelerates known energy electrons in 

predetermined positions in the water volume. It is necessary to rebuild these 

electrons position while evaluating the corresponding energy resolution 

obtained. Unfortunately, the current system suffers from many limitations due 

both to the insufficient precision in aligning and steering of the electron source 

beam, and to the long times required to obtain it. As part of my thesis activity I 

took part to the latest calibration campaigns carried out with the current system 

(ch.3). 

Since a typical campaign expects to use different energy values and numerous 

positions, it takes a long time as well as heavy work: for example, the one in the 

summer of 2017 required four weeks of data collecting during which the SK 

could not gather data in optimal conditions. Many of the elements the LINAC is 

made of, such as some collimators, are located near the so-called outer detector, 

an essential element that helps to define which events are completely contained 

in the fiducial volume; the beam scraping on the collimators generates a 

background noise of X radiation that is considered excessive. This forces SK to 

operate in a reduced configuration with the outer detector off. This configuration 

prevents the measurement of the higher energy neutrino interactions with the 
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usual efficiency, including atmospheric interactions and makes it virtually 

impossible to record data with the T2K beam. For this reason, calibrations with 

the LINAC are always carried out during beam shutdown periods. 

So far, for all these reasons, calibration campaigns have been few and on 

average separated over time by at least 2 years. Specifically in this context, my 

research activity includes not only the study and active participation, in the 

current detector calibration procedures, but at the same time the simultaneous 

development of a new LINAC monitor for Super-Kamiokande (responsibility of 

the INFN group). By introducing the use of beam monitors with position 

measurement, the steering of the beam can be fast and accurate, these are 

fundamental conditions to obtain an optimal calibration of the electron response 

in the detector by solving the current limitations and particularly by 

considerably shortening the time required.  

During the activity work of my PhD, I carried out the analysis of the data 

recorded during the calibration campaign I took part in and, at the same time, I 

developed further new simulation codes for the monitor we are building and that 

will  be installed in Super-Kamiokande, finalizing the design which has been 

studied with all the optimal parameters required (ch.4). 
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Chapter 1 
 

Neutrinos are suspected to be the second most abundant particle in the universe 

(after photons) and yet remain some of the most elusive: the neutrino physics is 

one of the most important field of particle physics. The following sections will  

cover the development of neutrino physics starting from the neutrino discovery to 

the current and future generation of neutrino experiments. It will  also be discussed 

the inclusion of neutrino masses in the Standard Model and the neutrino oscillation 

phenomenon. 

 

1.1. A brief  neutrinoôs history 
 

The existence of the neutrino was first postulated by Wolfgang Pauli in 1930: he 

proposed a solution to explain the continuous spectrum of ɓ decay and the problem 

of spin of some nuclei. 

In the ɓ-decay of a nucleus (A, Z), the process can occur via electron emission in 

the nuclear transition (A, Z) -> (A, Z + 1)+e-.  

If  (A, Z) decays in the rest frame, according to the conservation energy law of a 

two body decay, the energy of the emitted electron should have a fixed value. 

Instead, a continuous electron energy spectrum, peaked at energy  was 

experimentally observed, extremely close to the predicte , as in figure 1.1: 
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Fig. 1.1: Schematic appearance of the electron spectrum in ɓ-decay. 

 

Pauli understood that, under the condition of energy-momentum conservation, the 

only possibility to explain the continuous ɓ-spectra, was to assume the existence of 

a new, neutral particle which was emitted with the electron, not detected in the 

experiment. Pauli inferred that this particle should be: electrically neutral (in order 

to conserve charge), with spin 1/2 to conserve angular momentum and weakly 

interacting. Finally, it is needed that this new particle has a mass lighter than the 

electron and called the new particle ñneutronò. Enrico Fermi developed this idea in 

1934 and built the first theory of the ɓ-decay of nuclei, based on Pauli assumption. 

In particular, Fermiôs theory assumed that nuclei are bound states made of proton 

and neutrons. Fermi explained the ɓ-decay process as the electron-proton scattering 

with the assumption that the electron-neutrino pair is produced in the quantum 

transition of a neutron in a proton (Figure 1.2) [1]. 

 

 

Fig. 1.2: Fermiôs explanation of ɓ-decay. 
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Today we know that ɓ-decay occurs with the exchange of the intermediate boson 

W, and the Fermi theory is the low energy limit  of this process. 

Due to the elusive nature of the neutrino, it took another twenty-five years before 

the first neutrino was actually observed by Frederick Reines and Clyde Cowan of 

the Los Alamos National Laboratory, who, in 1955 discovered the electron anti-

neutrino observed in e+p->e++n at the Savannah River reactor[2]. In 1957, Bruno 

Pontecorvo proposed the idea of neutrino oscillations between neutrinos and 

antineutrinos [3] to explain the missing neutrinos: Pontecorvo had suggested that 

neutrinos could oscillate between flavor (described in 1.2) states as they propagate, 

thereby reducing the electron neutrino flux at the Earth but maintaining the total 

neutrino flux. Pontecorvo had even suggested that ñfrom the point of view of 

[neutrino oscillation] detection possibilities, an ideal object is the sunò. In 1962 Z. 

Maki, M. Nakagawa and S. Sakata formulated the theory for neutrino flavor 

oscillation [4]. which combined with the theory of matter effects on neutrinos 

proposed by Mikheyev, Smirnov and Wolfenstein (the so-called MSW effect) 

could account for the observed discrepancies in the solar neutrino flux.  

In 1998 the Super-Kamiokande (SK) [5] experiment provided evidence for 

neutrino oscillations, when it detected a disbalance between up-going muons 

neutrinos, produced by neutrinos with a longer flight length through the Earth, in 

comparison to down-going muons neutrinos. Looking at the zenith angle it was 

possible to reconstruct the path distance travelled by the neutrinos from the 

production in the upper atmosphere to the detection point. The deficit showed a 

dependence in this distance that could be explained by the theory of neutrino 

oscillations. 

In 2001 the SNO experiment measured the flux of all the 3 flavours of neutrinos 

and found results consistent with the prediction of the Standard Solar Model [6]. 

In conclusion, neutrinos are fermions belonging to the lepton sector of particles 

and are electrically neutral, naturally produced neutrinos originate from cosmic ray 
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interactions in the atmosphere and pp and CNO (the carbon nitrogen oxygen cycle) 

reactions in the Sun (as well as all other stars, including supernovae and relic 

neutrinos from the formation of the universe). They are also produced in beta 

decays, in nuclear reactors and at accelerators and thanks to the discoveries of the 

last years, that established the existence of neutrino oscillations, started the 

contemporary neutrino oscillation experiments era. 

 

1.2. Neutrino mass 
 

The Standard Model (SM) is the theory that has unified the weak and 

electromagnetic interactions and this theory was developed in the middle of the 

20th century. 

The Standard Model (SM) of Particle Physics is one of the most successful theories 

in science, explaining a number of observed experimental results at its inception 

and making precise predictions that were later confirmed. According to the 

Standard Model (SM), there are three ñflavorsò of neutrino, named after its 

charged lepton counterparts: electron (e), muon (ɛ) and tau (Ű), each with their 

equivalent anti-particle. The flavor states | , are superpositions of mass 

eigenstates | : 

 

= |  , (Ŭ= e, µ, Ű), (k = 1; 2; 3) 

 

where is the unitary mixing matrix defined in 1.3.1. 

The key ingredient of the SM is the symmetry breaking, usually called Higgs 

mechanism. Such a process is responsible for the bosons masses, whose values are 

related to the Weinberg angle ◒W, and the Fermi constant GF. In the case of quarks 

and leptons, this mechanism is also responsible for their masses, but it does not 

provide their value. In particular, in the case of the ɜ, the SM model can not predict 

their masses.  
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Fig. 1.3 Electroweak Standard Model scheme after symmetry breaking 

 

The neutrino mass was experimentally known to be small. The observation 

suggests that neutrinos are massless, and the results of any direct mass 

measurements to date by precision kinematic measurement of various weak decay 

processes are consistent with zero mass. However, the discovery of neutrino 

oscillations has proven that neutrino mass is, in fact, not zero, which contradicts 

the assumption made in the Standard Model in which neutrinos are massless. 

However neutrino masses can be introduced into the theory by the use of two 

mechanisms: the Dirac and Majorana mechanisms. 

In the Dirac mechanism, the neutrino mass is introduced in the SM via the Higgs 

mechanism [7], [8], identically to the quark and charged lepton mass origin 

process, in the Majorana mechanism, the neutrinos can be identified with its own 

antiparticle since they have no charge. 

The question about the neutrino's nature, Majorana or Dirac, is currently a subject 

of an intense experimental investigation. Both mechanisms diverge only for the 

case of massive neutrinos, which has been proven by the measurement and 

discovery of ɜ oscillation phenomenon that is described in the next section. 
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However the kinematic effects for Dirac and Majorana neutrinos are the same and 

thus, as a consequence, can not be searched for through the neutrino oscillations 

directly. 

The neutrino mass eigenvalues are significantly smaller than those of other 

elementary particles including the other fermions from the same generation. The 

absolute values of neutrino masses have not been measured yet, however the upper 

limits have been determined and are shown in Table 1.1. 

 

 

Tab.1.1 Measurements of neutrino upper mass l imits from the Particle Data Group (PDG) 

 

The electron neutrino mass limit  was determined using-decay and gave the result 

of mɜe < 2 eV at a 95% confidence level. The muon neutrino mass was measured 

from charged pion decay to be mɜÕ < 190 keV at a 90% confidence level. The 

lowest precision up to date has been achieved in assessing the tau neutrino mass. 

The tau neutrino mass is currently less than 18.2 MeV at a 95% confidence level. 

The fact that the mass eigenstates are different from the flavor eigenstates can lead 

to neutrino flavor changes ɜŬ ź ɜɓ. In the case of a coherent superposition of the 

mass eigenstates, the flavor of the neutrino can change as a function of the 

distance. This is called neutrino oscillation. Oscillation is then possible, if  

neutrinos, in a certain flavor state, are a linear superposition of mass eigenstate (ɜ1, 

ɜ2, ɜ3) with definite masses (m1,m2,m3) different from the mixed one, with mass 

differences smaller than the typical quantum uncertainty in the process, as realized 

by Pontecorvo, Maki, Nakagawa, and Sakata[9]. 

There is now an overwhelming body of evidence that neutrinos have a small but 

non-zero mass [10,11,12,13,14]. This evidence comes from observations of flavour 
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change in neutrinos produced in nuclear reactions in the Sun, cosmic ray 

interactions in the atmosphere, and in man-made accelerator-based neutrino beams 

and nuclear reactors. Neutrinos produced in the atmosphere and from man-made 

sources have been shown to change flavour as a function of their production 

flavour, energy, and the distance travelled between production and observation. 

 

1.3. Neutrino Oscillation 
 

1.3.1 Neutrino Oscillations in Vacuum 
 

 

The idea that neutrinos oscillate was first proposed separately by Pontecorvo and 

by Maki, Nakagawa and Sakata. In the 1960's and was later a good explanation for 

the disappearance of both solar and atmospheric neutrino observed by several 

experiments. Neutrino oscillation relies on the fact that the mass eigenstates are not 

identical to the flavor eigenstates. 

Neutrino oscillations occur because the three flavour eigenstates, ɜe, ɜɛ, ɜŰ , are not 

the same as the energy, or propagation, eigenstates, ɜ1, ɜ2, ɜ3. The relationship 

between the two bases is contained in the Pontecorvo-Maki-Nakagawa-Sakata 

matrix, MPMNS, and can be expressed as: 

 

 

 

In other words, this mixing of states means that a neutrino created in some flavour 

state and observed sometime later will  have a finite chance of being measured as a 

different flavour state. 

This 3×3 unitary matrix can be expressed in terms of three real angles, ɗ12, ɗ13, ɗ23, 

and one phase, ŭCP. The phase factor is associated with two discrete symmetries: 

charge conjugation C that changes particles to antiparticles and parity P which 
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reverses the spatial components of the wave function. P flips the direction of the 

particles but not the spin, hence the particle handedness is transformed. 

This matrix can be parameterised as: 

 

MPMNS = , 

 

where Cij = cos ɗij and Sij = sin ɗij and ɗij  is the mixing angle between the i and j 

mass states. This parametrisation neatly splits the PMNS matrix into three 

rotations, which can be roughly associated with the neutrino sources that can be 

used to measure them. 

Explicitly, atmospheric and beam neutrinos provide sensitivity to ɗ23, beam and 

reactor neutrinos are used to measure ɗ13, and solar neutrinos probe ɗ12. These 

associations are due to the leading term in the neutrino oscillation probability in 

each case but this is not the only factor that determines the sensitivity of individual 

experiments. The ratio of an experiment's baseline to the energy of the observed 

neutrinos and the mass squared splitting between the two neutrino states govern the 

oscillation probability, which will  ultimately determine the sensitivity of the 

experiment to both the dominant and sub-dominant mixing angles. 

The factor ŭCP is related to the charge-parity (CP) symmetry in the lepton sector. It 

can be demonstrated that if  ŭCP Í 0, CP is not conserved.  

As for all fermions and taking into account the PMNS matrix, the wave function of 

a neutrino in the flavor eigenstate Ŭ can be written as: 

 

 

ɜi= ɜi . 

 

Since the masses of the neutrinos are very small, 
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Ei å pɜ +  

therefore: 

ɜi . 

 

A neutrino produced at the source at a time t = 0 will  evolve following the 

Schr dinger equation. So that after a time t and a distance travelled L, there is a 

non-zero probability of finding the neutrino in a different flavour eigenstate. 

Assuming that a neutrino of flavor Ŭ is traveling at the speed of light c for a 

distance L, we can write its probability to be in a flavor eigenstate ɓ at time t as: 

P(ɜŬ Ÿ ɜɓ) =  

The probability of a neutrino oscillating from a neutrino of flavour Ŭ to a neutrino 

of flavour ɓ, in a vacuum, occurs according to the formula: 

P(ɜŬ Ÿ ɜɓ) = sin22◒ sin2( ) 

where ȹmŬɓ
 2 = m2

1Ŭīm
2
2ɓ (1 and 2 indicate the mass eigenstates), E and L are the 

neutrino energy and the distance from where the neutrino is produced to its 

detection point, respectively. While ȹm2 and ◒ are the physical parameters that we 

want to measure, E and L depend on the experiment performed. 

 

 

 

1.3.2 Neutrino Oscillations in Matter  
 

Matter effects can greatly affect the probability of neutrino oscillations: neutrinos 

that travel throuth the matter can interact with the particles along their way, and 

this interactions are able to modify their propagation.  

Up until now, neutrinos have been considered as propagating without disturbance 

from matter, but in reality most neutrino experiments involve neutrinos 
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propagating through the Earth. This can make a substantial difference to neutrino 

oscillation physics. 

In particular, when neutrinos travel through matter, their propagation is modified 

by the coherent forward scattering from particles they encounter, consequently 

changing their oscillation probability[15]. 

By considering this extra-potential, we obtain an oscillation probability that is 

dependent on the mass hierarchy. The oscillation probability from ɜµ to ɜe in 

accelerator experiments is expressed, to first order in the matter effect, as the sum 

of five terms: 

 

P(ɜµ Ÿ ɜe) = Tleading + TCPC + TCPV + Tsolar + Tmatter 

 

where Tleading is the leading term, TCPC is the CP conserved term, TCPV is the CP 

violating term, Tsolar is the CP solar term, and Tmatter is the matter term. 

This is of the same form as equation for vacuum but the original mixing angle and 

the mass splitting ◒ and ȹm2 are now replaced by the effective values in matter ◒ M 

and ȹm2M. This is the matter effect, and the oscillation amplitude and the 

frequency are changed from the case in vacuum due to the particular interactions 

with matter shifting the energy levels. 

Neutrinos are electrically neutral and colorless (color is the charge associated to 

the strong interactions), so they do interact neither via electromagnetic interactions, 

nor via strong interactions. Neutrinos can only interact via weak interactions. There 

are two type of weak interactions: Charged Current (CC) and neutral current (NC) 

interactions.  

Neutrino oscillations are a quantum mechanical phenomenon that may be observed 

over large distances, even astronomically large. In such cases, neutrinos pass 

through a significant amount of medium, electrons and nucleons, which results in a 

modification of the oscillation probability. 
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This is called the matter effect and it occurs due to the neutrino neutral current 

(NC) and charged current (CC) coherent forward elastic weak scattering. The NC 

scattering can appear for every flavor, however the CC scattering affects only the 

electron flavor as matter consists of e, but not µ and Ű.   

In figure 1.2, theese both mechanisms for neutrinos to interact without the neutrino 

converting into a charged lepton: neutral-current scattering from an electron, 

proton or neutron or charged-current scattering of an electron and a neutrino: 

 

 

 

Fig. 1.2 Feynman diagrams of the neutrino forward elastic scattering for the neutral current interaction (left) through Z exchange, 

and charged current interaction (right) through W exchange. 

 

 

1.4. Neutrino oscillation experiments  
 

Neutrinos were created at the beginning of the Universe and they fill  the entire 

space, similarly to the microwave background (relic neutrinos). Additionally, they 

are produced in the celestial bodies, the Earth's atmosphere and man-made 

machines such as nuclear reactors or accelerators. The neutrino cross sections are 

distinctively small and as a consequence they can travel long distances through 

matter without interacting, unlike other particles. Therefore, the message they carry 

contains important information about the sources that produce them, even the most 

distant. This can be achieved by examining neutrino phenomena such as the 

oscillation of neutrino flavours or the charge parity (CP) violating phase in the 
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leptonic sector, which is thought to help explain the matter-antimatter asymmetry 

in the Universe. 

Current neutrino oscillation experiments can use sources of neutrinos that are 

natural (solar and atmospheric experiments) or artificial (reactor and accelerator  

experiments). 

 

1.4.1. Solar experiments 
 

The first experiments to prove the existence of solar neutrinos  were Homestake 

[15], SAGE [17] and GALLEX [18], Super-Kamiokande [19], SNO [20] and they 

are most sensitive to ◒12 and ȹm2
21. 

Solar experiments detect low energy (in the MeV scale) ɜe produced in nuclear 

reactions in the core of the sun.  

The Sun is the most powerful neutrino source. The energy source of the Sun light 

is a fusion reaction in the center of the Sun. Four hydrogen nuclei (i.e. protons) 

form a helium-4 nuclei (two protons and two neutrons) via the fusion reaction, in 

which fusion energy, two positrons and two electron neutrinos are also released. 

 

4p Ÿ He + 2e+ + 2ɜe + fusion energy 

 

The electron neutrinos generated in this reaction are called as "solar neutrinos". 

The solar neutrino flux, on the Earth, per one second, per one square centimeter, is 

about 66 billion. 

Observation of solar neutrinos begun with Homestake experiment by R. Davis and 

so on from the late 1960s in US. In the Homestake experiment, solar neutrino flux 

was measured via the production rate of argon atoms from the neutrino reaction of 

chlorine atoms. It was impossible to measure the neutrino direction. 

The Standard Solar Model (SSM) [21] predicts that the solar flux contains 

neutrinos with energies up to 30 MeV, which majority is below 0.4 MeV. As a 

results of the experiment, the observed production rate was about 1/3 of the 
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expected value from Standard Solar Model (SSM). This problem was called as 

"solar neutrino problem". In 1988, the solar neutrino results other than the 

Homestake experiment was firstly reported from the Kamiokande experiment 

group. Kamiokande, which was the former experiment of Super-Kamiokande, was 

able to measure neutrino coming direction in real time. It was firstly shown by 

Kamiokande that the observed neutrinos were coming from the direction of the 

Sun. However, the observed solar neutrinos flux was about half of the expected 

value from SSM. Therefore, the solar neutrino problem still remained. 

In June 2000, Super-Kamiokande has reported the observation result of the solar 

neutrino flux with a highest accuracy than ever before. As a result, the observed 

solar neutrino flux was about 45% of the expected flux in SSM with more than 

99.9% confidence level, suggesting the solar neutrino problem was caused by a 

neutrino oscillation. Furthermore, measuring energy distribution of solar neutrinos 

and time variation of the solar neutrinos in day time and night time with high 

accuracy, a large limit  on the neutrino oscillation parameter (mass difference and 

mixing angle) area was obtained. It was also shown that the mixing between 

neutrinos are large. In June 2001, a combined analysis of solar neutrino 

observations between Super-Kamiokande and SNO experiment in Canada, showed 

a reliable evidence that a neutrino oscillation really occurred. In addition, it was 

confirmed at the same time that the neutrino flux calculated from SSM was correct. 

Although the problem that observed solar neutrino flux looked smaller than SSM 

was solved by neutrino oscillation, there are still unsolved questions in nature of 

neutrinos or the burning mechanism of the Sun (SSM). For example, they are true 

values of the solar neutrino oscillation parameters (mass difference and mixing 

angle), confirmation of the Earth's matter effect on solar neutrinos, elucidation of 

the chemical composition of the solar interior, and so on.  



21 

 

 

1.4.2. Atmospheric experiments 
 

Atmospheric experiments detect the neutrinos produced by the interactions of 

cosmic rays with nuclei in the upper atmosphere. Decays of pions, kaons, muons 

and electrons produce respectively ɜµ  , ɜe  at energies from MeV to TeV. 

Super- Kamiokande and MINOS [22] are examples of atmospheric neutrino 

experiments that are mainly sensitive to ◒23 and ȹm2
32: these parameters are called 

the "atmospheric" parameters as initially  they were determined from the 

observation of the neutrinos produced by cosmic rays in the Earth's atmosphere.  

Cosmic rays are a radiation of high energy particles arriving at the Earth from the 

Universe. In the GeV/nucleon energy region, these cosmic-ray particles are mostly 

protons, about 5% are Helium nuclei and a still smaller fraction of heavier nuclei. 

Electrons and photons also compose a part of the cosmic rays. However, a proton 

entering the atmosphere produces a shower of hadrons which produce pions, which 

decay to produce neutrinos via the following reactions: a ˊ+ decays to a muon (ɛ+) 

and a ɜɛ. The produced muon (ɛ+) is also unstable and decays to a positron (e+), 

a ɜↄ ɛ and a ɜe. A similar decay processes occur for ˊī and K mesons. In this way, 

neutrinos are produced when a cosmic-ray particle enters an atmosphere.  These 

neutrinos are called atmospheric neutrinos[23].  

The ratio consequential to the above reactions can be written as: 

 

R=  

 

and is expected to be 2 at moderate energies (the spectrum peak is at 1 GeV). 

However, the Super-Kamiokande experiment, along with other experiments, 

measured a lower value which was known as the Atmospheric Neutrino Anomaly. 

Additionally, SK analysed the direction of incoming neutrinos and observed a 

large deficit of up-going muons neutrinos, produced by neutrinos with a longer 
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flight length through the Earth, in comparison to down-going muons neutrinos. 

This was explained in the context of neutrino oscillations hypothesis and was an 

evidence of ɜµ disappearance. Later, this measurement was confirmed by the 

accelerator generated neutrino experiments. 

 

1.4.3. Accelerator experiments 
 

In accelerator experiments neutrinos are produced via the same reactions as in the 

atmosphere. The main difference is that the energy and kinematics of the particles 

within the focused beam can be controlled in the accelerator experiments. The 

typical energy of accelerator neutrinos is of the order ~ GeV. 

Long baseline accelerator experiments, like MINOS, T2K and NOɜA [24] use GeV 

muon neutrinos produced by pion decay in an accelerator complex and consist of a 

far detector, positioned close to the oscillation maximum, and a near detector, 

positioned just after the neutrino beam production point, to constrain the properties 

of the neutrino beam. These experiments are mostly sensitive to ◒13, ◒23 and ȹm232. 

As already mentioned, the probability of neutrinos having oscillated away from 

their original flavour state depends on their energy and distance travelled. Modern 

accelerator-based long baseline neutrino oscillation experiments, such as T2K and 

NOɜA, exploit this by utilising a proton accelerator to produce a - predominantly 

muon- neutrino beam spread over a few GeV neutrino energy and observe the 

change in the flavour composition of the beam over a few hundred kilometres, 

where neutrino oscillations are maximal.  

In general, neutrino oscillation experiments detect the products of the neutrino 

interactions, and therefore it is fundamental to understand neutrino interactions to 

infer any neutrino property. 

Future experiments, like Hyper-Kamiokande [25] and DUNE [26], could also lead 

to the measurement of ŭCP : it is difficult  to measure a ŭCP phase as it requires the 

mixing angles to be determined with a high precision. Otherwise, the current 
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uncertainties associated with the oscillation parameters measurement would cover 

the effects of ŭCP. 

However, the nearest future experiments have the relevant sensitivity and required 

accuracy to evaluate the phase factor based on the groundwork of current 

generation experiments. 

1.4.3.a The T2K experiment  

 

T2K (Tokai To Kamioka) [27] is a long-baseline neutrino oscillation experiment 

which aims to characterise the mixing of muon neutrinos with other neutrino 

flavours. T2K consists of a predominantly muon (or antimuon) neutrino beam 

produced at the J-PARC (Japan Proton Accelerator Research Complex) facility; 

the INGRID and ND280 near detectors placed at 280 m downstream from the 

target used to produce the beam and the Super-Kamiokande (SK) water Cherenkov 

far detector located a further 295 km away. The layout of the T2K experiment is 

summarised in figure 1.3.  

 

 

Fig.1.3 The layout of the T2K experiment 

 

Specifically, a high purity ɜµ beam is produced at J-PARC in Tokai-mura (Ibaraki). 

The energy spectrum and beam profile are measured at the near detector complex 

at 280m from production.  
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Next, the neutrino beam arrives at SK detector in Kamioka (Gifu), with an energy 

peak of 0.6~GeV and SK detects the oscillated neutrinos. Both SK and the ND280 

near detector are placed 2.5° off-axis from the beam center. 

 

1.4.3.b The J-PARC neutrino beam 

 

J-PARC is a newly constructed accelerator facility consisting of three accelerators: 

a linear accelerator to accelerate a H- beam to 400 MeV (LINAC), a rapid-cycling 

proton synchrotron which begins with charge stripping foils to create a proton 

beam that is then accelerated to 3 GeV (RCS) and the main ring synchrotron which 

further accelerates some portion of the protons (MR) (Fig. 1.4). 

 

 

Fig. 1.4 The J-PARC accelerator complex 

 

The proton synchrotron produces this proton beam fast-extracted in a single turn 

and accelerated up to 30 GeV against a graphite target to produce pions and kaons. 

In a cycle of the proton beam, there is a chain (called spill) of 8 bunches of the 
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protons and the proton beam is transported to the neutrino beamline with 

conserving the spill structure: this is called fast-extraction (figure 1.5). 

 

Figure 1.5 Beam structure for the T2K experiment. Protons are contained in each bunch. 

 

The hadrons produced in proton interactions in the target are charge-selected and 

focussed by electromagnetic horns to the decay pipe to produce muons that then 

decay to muon neutrinos which point toward Kamioka: this is the primary neutrino 

beamline. By switching the polarity of the magnetic horns the charge of the 

mesons focussed by the horns is also reversed, thereby allowing the production of 

a predominantly neutrino or antineutrino beam. 

The impinging protons stimulate the production of mesons in the target that are 

then, in the secondary neutrino beamline, charge selected and focussed into a 

decay volume by magnetic horns. Surviving hadrons are stopped in the beam dump 

and through-going muons are sampled by the muon monitor, which is used to 

provide pulse-by-pulse monitoring of the properties of the secondary beam (Figure 

1.6). 
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Fig.1.6 Schematics of the primary and secondary beamlines that are involved in the production of the J-PARC 

neutrino beam 

 

 

As in all neutrino beam experiments, stable and well tuned beam operation is 

vitally important to produce both a high intensity and consistent neutrino beam. 

The primary beamline is equipped with 96 separate instruments for measuring the 

position, intensity, profile and loss of the beam. In particular, the current 

transformers (CT) are 50-turn toroids around the beam pipe that are used to 

measure the intensity of the beam (figure 1.7)  

 

Figure 1.7 Illustration of the CT. 
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The induced current in the CT is measured when each bunch passes through the 

coil and is converted into the number of protons in the spill. The final CT, CT5, is 

located just before the protons reach the target, and it is used to determine the 

number of protons on target (POT) delivered. The secondary beamline consists of 

the graphite target, three magnetic horns to focus the secondary pions, a decay 

volume for the hadrons to decay into neutrinos and other particles, and a beam 

dump to absorb the non-neutrino products. The target is a graphite cylinder, 91.4 

cm long and with 2.6 cm of diameter, surrounded by a 2 mm thick graphite sleeve 

and a 0.3 mm thick titanium casing and is cooled by helium gas flowing between 

each layer. Protons interact within the graphite, creating large numbers of 

secondary mesons, the majority of which are pions. The target sits within the inner 

conductor of the first magnetic horn, which collects these mesons (fig. 1.8). 

The second and third horns then focus these mesons to produce a meson beam. 

Whilst the focussed mesons are in the 96 m long decay volume, most decay to 

muon neutrinos (or antineutrinos) via the following processes: 

 

 ́+      ->     µ+   +  ɜ µ 

 ́ï      ->    µ-   +   

K +      ->     µ+   +  ɜ µ 

K ï      ->    µ-   +   

 

However, imperfect horn focussing allows some contamination and some of the 

subsequent muons also decay to produce a small (anti)electron neutrino: this forms 

a muon neutrino beam with a peak energy of approximately 600 MeV, 

contaminated with additional antineutrinos and electron neutrinos, which originate 

from kaon and other pion parents. All  the hadrons and muons below 5GeV/c are 

stopped by the beam dump placed 110 m downstream from the target. Behind the 

beam dump, there is a muon monitor (MUMON) that monitors the direction of the 

beam and provides a real-time measure of the beam direction and intensity to an 
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accuracy of 0.25 mrad and monitor the neutrino beam intensity to a precision of 

3%. 

 

 

Fig 1.8 Neutrino J-PARC beamline facility. 

 

The integrated number of neutrinos which pass through both the near detector 

ND280 and far detector Super-Kamiokande is proportional to the number of 

protons on target (POT). The generated beam power can be expressed by the 

statistical measure unit, POT, and beam energy: 

 

Beam Power =  

 
The source of neutrino flux uncertainties that are related to the beam direction 

and horn currents can be determined from the beamline and muon monitoring 

system. The expectation is to deliver 7.8x1021 protons on target in total for the 

T2K data physics analysis. There are two near detectors (INGRID on-axis and 

ND280 off-axis) 280 metres from the start of the beam at JPARC, which is 

used to characterise the beam near its origin. 

The partly oscillated beam is finally detected by the far water Cherenkov 

detector óSuper-Kamiokandeô (figure 1.9). 
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Fig. 1.9 A The beam and the detectors involved in T2K experiment 

 

 

1.4.3.b The far  detector Super-Kamiokande 

  

The far detector, Super-Kamiokande (SK), is located in the Kamioka 

Observatory, and has been successfully taking data since 1996. The detector was 

also used as a far detector for the K2K experiment. SK is the worldôs largest 

land-based water Cherenkov detector; it is a 50,000 tons water Cherenkov 

detector located at a depth of 1,000 m (2,700 meters water equivalent) in the 

Kamioka mine in Japan. During its four major running periods (SK I to SK IV) 

Super-Kamiokande contributed results in the field of flavor oscillations of 

atmospheric, solar and accelerator-produced neutrinos, as well as setting the 

world-leading limits on the proton lifetime. 

The primary strategy to measure the flavor composition of the T2K neutrino 

beam at SK, and thereby observe the oscillation of ɜµ to either ɜe or ɜŰ is to count 

charged current quasi-elastic (CCQE) interactions for muon and electron 

neutrinos, both of which produce leptons of their respective flavor.  

The relativistic charged particles, produced in these neutrino interactions, travel 

through the detector with a speed faster than the speed of light in water. The 

thereby polarized water molecules rapidly turn back to their ground state and 

emit Cherenkov light, which is detected by the ID PMTs. 
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For both ɜµ and ɜe CCQE signals the starting position of the leptons is required 

to be fully contained in the fiducial volume, which is defined to be more than 

2m away from the ID wall for a total fiducial. 

The pulse hight and timing information of the PMTs are fitted to reconstruct the 

vertex, direction, energy, and particle identification of the Cherenkov rings. A 

typical vertex, angular and energy resolution for 1 GeV muons is 30 cm, 3° and 

3%, respectively. The typical ring shape, which is obtained from fully contained 

charged particles with an energy above the Cherenkov threshold, allows to infer 

the vertex position and the momentum of the charged particles. A very good 

discrimination between fuzzy electron like Cherenkov rings and sharp edged 

rings from muons enables to separate ɜe from ɜµ interactions. The fuzzy electron 

like ring is due to the multiple scattering which is more likely to occur for 

electrons than for muons because of the electron smaller mass and almost 

always an electron induce electromagnetic showers at the energies relevant to 

SK. A typical rejection factor to separate muons from electrons (or vice versa) is 

about 100 for a single Cherenkov ring event at 1 GeV. The electrons and muons 

are further separated by detecting decay electrons from the µ decays. A typical 

detection efficiency of decay electrons from stopping cosmic muons is roughly 

80%. A 4ˊ coverage around the interaction vertex provides an efficient ˊ0 

detection. Interactions of neutrinos from the J-PARC accelerator are identified 

by synchronizing the timing between the beam extraction time at the accelerator 

and the trigger time at Super-Kamiokande using the Global Positioning System 

(GPS). A quantity ȹT0 is defined, which is the timing between the beam 

extraction time at the accelerator and the trigger time at SK.  
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Chapter 2 
 

Super-Kamiokande is located inside the Kamioka mines (in the Alpine chain 

overlooking the Japanese Sea), it is made of 50 ktons of ultra-pure water and it 

allows the measurement of muons, electrons and pions produced in the 

interactions of neutrinos with the water itself, all of this using the Cherenkov 

effect. 

The Super-Kamiokande (SK) detector is sensitive not only to the interactions 

of neutrinos coming from JPARC, but also to those generated for example 

inside the sun and/or by SuperNovae. In particular, with a threshold set near 

3.5 MeV, SK is currently the largest and most sensitive observatory to these 

phenomena.  

 

2.1 History  and construction of Super-

Kamiokande detector 
 

The Super-Kamiokande Collaboration was organized as a JapanïUS 

collaboration in 1992 but the detector was originally proposed by M. Koshiba 

and the Kamiokande Collaboration in 1984. 

Since the start of operations in 1996, Super-Kamiokande has gone through four 

data taking periods, SK-I, -II, -III,  and ïIV(Tab. 2.1) 

 

Table 2.1 SK epochs 
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The differences between the detector setups from different epochs must be 

taken into account when analyzing data, developing algorithms or building 

Monte Carlo (MC) samples. Generally speaking, the extension of procedure 

successfully validated for one epoch to data or simulated samples related to 

another epoch is not a trivial subject, it may require modications and it must 

pass additional validation in order to be accepted. 

Though the basic configuration the detector is similar across the phases there 

are a few important differences. At the start of the SK-IV period in 2008 the 

front-end electronics were upgraded to a system with an ASIC based on a high-

speed charge-to-time converter [28]. The new system allows for the loss-less 

data acquisition of all PMT hits above threshold and has improved the tagging 

efficiency of delayed Michel electrons from muon decay from 73% in SK-III  to 

88%. Further, following a period of detector maintenance and upgrades at the 

end of SK-I (1996-2001), the implosion of a single PMT at the bottom of the 

detector on November 12, 2001, created a shock wave and chain reaction that 

went on to destroy 6,665 ID and 1,027 OD PMTs. The detector was rebuilt the 

following year with nearly half of the photocathode coverage (19%) in the ID 

(5,137 PMTs) and the full  complement of OD PMTs for the SK-II  period 

(2002- 2005). Since that time all ID PMTs have been encased in fiber-

reinforced plastic shells with 1.0 cm thick acrylic covers to prevent further 

chain reactions. This resulted in an increased threshold of 7.0 MeV in SK-II  

compared to 5.0 MeV in SK-I. In 2006 the detector underwent a second 

upgrade in which the remaining ID PMTs were replaced and additional optical 

barriers were added to the top and bottom portions of the OD to improve 

separation with its barrel region. Both SK-III  (2006-2008) and SK-IV (2008-

present) were operated with the full  40% photocathode coverage in the ID.  

The Super-Kamiokande detector (SK) has been successfully taking data since 

1996[28]. 
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T2K uses the Super-Kamiokande detector as its far detector, which is situated 

295 km from J-PARC in a zinc mine 1 km underground, close to the town of 

Kamioka in the prefecture of Gifu, Japan. It is part of the Kamioka neutrino 

observatory which is operated by the Institute for Cosmic Ray Research 

(ICRR) of the University of Tokyo.  

The neutrinos reaching SK are from many sources: the core of the sun; 

produced by cosmic-rays in the atmosphere; created in accelerators and from 

astrophysical sources such as supernovae. Solar neutrinos have low energies in 

the order of a few MeV. While atmospheric neutrinos arrive at the SK site from 

the atmosphere surrounding the entire globe and have an energy range from a 

couple of MeV to multiple TeV. SK has been the Far Detector of the first 

neutrino beamline experiment KEK-to-Kamioka (K2K) [29] which produced 

accelerator neutrinos by the collision of accelerated protons on a target and 

focusing the interaction and decay products that include neutrinos. SK is 

currently acting as the Far Detector of the neutrino beamline experiment Tokai-

to-Kamioka (T2K) [30], the successor to K2K and offering a higher intensity 

and precise neutrino beam. 

 

2.1.1 Detector Overview 
 

The detector consists of a cylindrical stainless steel tank (41.4 m in hight and 

39.3 m in diameter), holding 50 kt of ultra-pure water, and the photomultiplier 

tubes (PMTs) lining the tank interior detect the Cherenkov radiation which is 

produced by charged particles which propagate in the water (figure 2.1). The 

primary purposes of the detector are nucleon decay searches and the detection 

of neutrinos from various sources: solar neutrinos, astrophysical neutrinos such 

as the ones from supernovae, atmospheric neutrinos and accelerator neutrinos 

in long-baseline neutrino oscillation experiments such as K2K and T2K. 

There are two concentric cylinders inside the tank; the inner detector (ID) and 

the outer detector (OD). The ID is a main detector which contains 32 kton of 
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water with 36.2 m in height and 33.8 m in diameter, whereas the OD is a 

cosmic ray muon veto detector which covers the region surrounding the ID 

with the thickness of about 2 m. Both detectors are optically separated by 

opaque materials, two layers of polyethylene terephthalate sheets, referred to as 

ñblack sheets" mounted on each side of the structure that holds the PMTs. 

The OD is also used to prevent backgrounds from the surrounding rock such as 

neutrons and gamma rays. 

The combination of the ID and OD allow Super-Kamiokande (SK) to 

determine which interaction vertices originate from within the detector, and 

which are due to particles and radiation entering from outside the detector. 

 

 
Fig. 2.1 ND280 The Super-Kamiokande detector. 

 

 

The ID currently houses along its inner walls 11,129 inward-facing 50 cm 

diameter PMTs: each PMT has a 70.7 cm grid spacing for a 40% cathode 

surface coverage while the OD contains along its inner walls 1,885 outward-

facing 20 cm diameter PMTs. Wavelength shifter plates are attached to the OD 

PMTs as it was done in the IMB experiment [31]. This increases their 

collection efficiency by about a factor of 1.5 but the wavelength shifter plates 

also broaden the timing resolution of the OD PMT by about 2 ns. This is a 
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reasonable price to pay for the gain in collection efficiency since the main 

purpose of the OD is to act as a veto counter. 

All  the PMTs are mounted on the same stainless steel structure and the inner 

PMTs are facing inwards and the outer PMTs outwards (figure 2.2). 

 

 

Fig. 2.2 Details of the stainless steel structure, and mounting of the PMT 

 

Each PMT in the ID and OD is connected via a single cable to high voltage 

supplies and signal processing electronics: the cables end in four electronic 

huts built on the upper tank cover, which are accessible during normal 

operation of the detector via a tunnel from the control room. These huts contain 

electronic racks and front-end acquisition electronics and must be routinely 

checked for malfunctions at least once a day by the operators taking the 

morning shift in the mine.  

Another hut on the top of the tank is the ñCentral Hut", it contains electronics 

for triggering, housekeeping and Global Positioning System (GPS) time 
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synchronization systems. The trigger rate is checked during the morning shift 

and reported on a blackboard in the control room for monitoring purposes. 

An event produced in the ID is tagged as Fully Contained (FC) if  it doesn't 

trigger a significant response indicating entering or exiting charged particles in 

the OD. Events triggering such a response in the OD are tagged as Partially 

Contained (PC). The official Fiducial Volume (FV) is defined as a cylindrical 

volume with surfaces 2 meters inwards from the ID PMT plane. The fiducial 

mass is 22.5 ktons, corresponding to 7.5 x 1033 protons. 

Super-Kamiokande can detect events in a range from 4:5MeV to up to 1TeV in 

energy. A LINear ACcelerator (LINAC) is available in the dome for calibration 

purposes. 

The cables that connect the PMTs to the electronic huts located on the top of 

the detector pass through 12 cable holes. Four of these twelve holes are above 

the ID and would prevent Cherenkov light from being seen in the OD. 

Since the PMTs are sensitive to magnetic fields, 26 Helmholtz coils line the 

wall of the tank and reduce the geomagnetic field to ~50 mG. 

 

2.2 A Water Cherenkov Detector 
  

Super-Kamiokande is able to make physical measurements primarily by 

observing Cherenkov radiation using PMTs: Cherenkov radiation is an 

electrodynamic phenomenon which is analogous to the sonic boom produced 

by an object travelling faster than the speed of sound. 

When an electro-magnetically charged particle travels faster than the speed of 

light in a given medium, a cone of Cherenkov light is emitted(Figure 2.3): 

 

where  is the velocity of the charged particle, c is the velocity of light, and n 

is the index of refraction of the medium. 
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This phenomenon is named ñCherenkov effect", and the light emitted is known 

as ñCherenkov radiation". 

The Cherenkov cone has its opening angle Cᵻ which satisfies, 

 

 

 

In the case of water, where n = 1,34 in the visible range, ◒C is 42° for highly 

relativistic particles, with ɓ~1. 

 

 
 

Figure 2.3: A schematic drawing of Cherenkov radiation. 

 

 

 

 

The momentum threshold for the Cherenkov radiation is derived from the 

condition of ɓ > 1/n and table 3.1 summarizes the Cherenkov threshold for 

various charged particles in water. 

 

Table 3.2 Momentum thresholds of the Cherenkov radiation in water for various 

charged particles assuming n = 1.34. 
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The number of Cherenkov photons, N, emitted as a double derivative with 

respect to the wavelength  ˂and charged particle trajectory, x, is given by:  

 

 

 

where Ŭ is the fine structure constant. For the wavelength between 300 nm and 

600 nm, 340 photons are emitted per unit cm by the particle with ɓ~1in water. 

In Super-Kamiokande, neutrinos are detected when they interact with the water 

and produce charged particles above the Cherenkov threshold, and the cone of 

light emitted by a charged particle is observed as a ring by the PMTs on the 

detector wall. For each event the time of the first photon arrival as well as the 

integrated charge at each PMT is recorded, and from that information the type 

and the kinematics of the particles are inferred. 

In the Super-Kamiokande detector, if  an event is fully contained inside the 

inner detector, a Cherenkov cone appears as it can be seen in Fig. 2.4. The axis 

of the cone corresponds to the direction of the particle, and by measuring the 

number of photoelectrons detected in the photomultiplier tubes (PMTs), we are 

able to reconstruct the energy of the particle. 

 

Figure 2.4: Example a Cherenkov ring created by a 1 GeV muon in the Super-Kamiokande detector 
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In this fashion, SK can detect various charged particles and reconstruct 

physical variables by the analysis of Cherenkov rings. Electrons or high energy 

gamma-rays create fuzzy rings (ñshowerò) since they produce electromagnetic 

shower and are deflected by the multiple scattering, whereas muons or charged 

pions create sharper rings (ñnon-showerò) since they do not produce 

electromagnetic shower. Not only the particle type, the kinematics of particle 

such as the vertex, direction and momentum are determined by using the 

Cherenkov light arrival time and its amount received at each PMT: when a 

muon neutrino interacts it produces a single muon, which then produces 

concentric rings of photons as it travels through the water, producing a clear 

ñsharpò ring pattern on the wall of Super-Kamiokande. An electron neutrino 

interaction, on the other hand, produces an electron which subsequently 

showers to produce more electrons, all of which then produce Cherenkov 

showers which overlap to produce a fuzzy ring on the wall of the detector. This 

process is shown in Figure 2.5. 

 

 

Fig. 2.5 a: Cherenkov light produced by an electron neutrino (white) and by a muon neutrino (red)  
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Fig. 2.5 b The ring on the left has a fuzzy ring made by an electron. 

The ring pattern on the right was created by a muon neutrino. 

 

 

 

2.3 Water and Air  Purification  
 

The purify of the water is crucial for this experiment: as Cherenkov light needs 

to travel tens of metres in the detector water before reaching the PMTs to be 

detected, itôs necessary a high transparency of the water.   

So, the original source of the Super-Kamiokande water, spring water in the 

mine, is highly purified by the water system circulating at a rate of about 30 

tons/hour to maintain high water transparency and to remove radioactive 

isotopes such as Radon (Rn) and Radium (Ra). Such isotopes are significant 

backgrounds for low energy analyses, in particular for the study of solar 

neutrinos. 

The water purification system mainly consists of several filters, a UV sterilizer 

and two degasifiers in order to remove particles larger than 0.2 ɛm, bacteria 

and radon dissolved in water, respectively (figure 2.6). The water temperature 

is controlled at around 13°C by heat exchangers in order to reduce PMT dark 

noise and suppress bacteria growth. The resistivity of the water flowing out of 

the detector for purification is about 11 MɋĿcm and averages at 18.20 MɋĿcm 

after purification, approaching the chemical limit. The light attenuation length 
















































































































































