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Abstract

Precision measurements of the neutrino oscillation parameters allow to determine the
potential violation of CP-symmetry in the leptonic sector. If the violation of CP-symmetry
in the leptonic sector can be experimentally confirmed, this could become the preferred
explanation in the Standard Model for the matter-antimatter asymmetry of the universe.
The Deep Underground Neutrino Experiment (DUNE), which is being built by the
Fermi National Accelerator Laboratory (FNAL) in the USA, aims to perform these
measurements of the neutrino oscillation parameters using Liquid Argon Time Projection
Chamber (LArTPC) detectors. Four massive multi-kt Far Detectors (FDs) are deployed
together with a Near Detector (ND) that uses the same detector technology as the FDs.
As a consequence of the high-intensity neutrino beam and the short distance to the
neutrino source the ND will need ability to disentangle multiple overlapping events that
happen within a single readout cycle. This is achieved with a LArTPC following the
ArgonCube concept, which was developed at the University of Bern. The ArgonCube
concept divides the detector volume into a number of identical, optically isolated and
electrically isolated Time Projection Chamber (TPC) modules. The optical isolation
reduces the pile-up of the scintillation light and allows for better localization of light
signals.

The ND will need to measure the neutrino energy because neutrino oscillations occur
as a function of the neutrino energy. Neutrons emerging from the neutrino interaction
vertex can carry away more than 25 % of the neutrino energy, which is missed by applying
the calorimetric method, because neutral particles are not reconstructed in LArTPCs.
I have determined the bias and the uncertainty of the reconstructed neutrino energy
due missed primary neutrons, based on simulations using the GENIE event generator.
At the DUNE beam spectrum, primary neutrons will be involved in about 80 % of
the neutrino-argon interactions. In those events with primary neutrons involved, a
mean energy corresponding to ∼ 10 % of the parent neutrino’s kinetic energy is carried
away by primary neutrons, and the relative uncertainty on the reconstructed neutrino
energy can exceed 13 %. I have developed a method to identify neutrons in LArTPCs
by secondary charged particles that are produced if a neutron interacts with an argon
nucleus. These neutrons appear as detached energy deposits, which prevents a trivial
assignment to the correct interaction vertex, given the high event multiplicity at the
ND site. Therefore, I further developed a method to assign detached energy deposits
to neutrino interaction verices, exploiting the fast response of the light-readout systems.
With a timing resolution at the O(1) ns, the light-readout systems easily allow to separate
the light signals of individual events, which have a mean separation time of 179 ns. If
the presented methods are used to veto neutrino interactions with primary neutrons,
then the respective uncertainty on the reconstructed neutrino energy can be reduced to
< 10 %.
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1. Introduction
In 1930, Wolfgang Pauli postulated a new, electrically neutral spin-1

2 particle with a
mass comparable to that of the electron [1]. His intention was to save the law of energy
conservation questioned by the continuous beta spectrum of 226

88Ra, that was observed by
James Chadwick 16 years earlier [2, 3]. None of the by then known fundamental forces,
neither electromagnetism nor gravitation, were capable to explain the existence of a
particle with such properties. As a consequence, Enrico Fermi elaborated a quantitative
theory of β-decay and weak interaction, which assumes the existence of such a particle,
until the end of 1933 [4]. He named the particle, that he saw as a small version of the also
electrically neutral neutron, a neutrino. Ultimately, the (anti)neutrino was discovered
by Clyde Cowan and Frederick Reines in 1956, when they observed the absorption of
antineutrinos produced in nuclear reactors in cadmium chloride [5]. Many neutrino
experiments have been built since then and scientists from all over the world have
contributed to understand the puzzling properties of the neutrinos. In Chapter 2, I
will discuss the detection principles and results of historical experiments that essentially
contributed to todays understanding of the neutrino.

Today we know that there are three neutrino types in terms of lepton flavor; electron,
muon and tau neutrinos. Each flavor-type neutrino is a superposition of three massive
neutrino eigenstates, whereby the fractional composition of the neutrino by means of
massive eigenstates determines the probability to observe the neutrino in a specific
flavor state [6]. That composition can change as neutrinos travel through space-time,
and consequently, also the probability to observe the neutrino in a specific flavor state
can change [6]. This phenomenon of neutrino flavor transitions is known as neutrino
oscillation. As a consequence of neutrino oscillation, the neutrinos are different to the
charged leptons as they violate the conservation of lepton flavor.
Neutrino oscillations are characterized by a set of constant oscillation parameters,

and occur as a function of the neutrino energy [7]. More properly, they occur as a
function of neutrino proper time, which is equal to L/E in the lab frame in an ultra-
relativistic approximation. One of the oscillation parameters is a CP-violating phase, and
measuring that phase with neutrino-oscillation experiments might reveal the violation of
CP-symmetry in the leptonic sector [8]. If CP violation in the leptonic sector can be
experimentally confirmed, this could become the preferred explanation in the Standard
Model for the matter-antimatter asymmetry of the universe [9].

Another yet unsolved problem is that of neutrino mass hierarchy. Neutrino oscillations
are only possible if the masses assigned with the massive neutrino eigenstates differ
from each other [10]. The squares of the mass differences, the so-called mass splittings,
characterize the length over which neutrino oscillations occur, and are derived from
neutrino oscillation experiments too. Measurements have shown that two out of three
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neutrino masses are very close (mass splitting ' 7.4× 10−5 eV2), while the third neutrino
mass is farther away (mass splitting ' 2.5× 10−3 eV2) [11]. However, the hierarchy of
the absolute neutrino masses, i.e. the question of which massive neutrino eigenstate is the
lightest, has no yet been solved [11]. Here, the way of how the presence of matter affects
the mixing of neutrinos can be exploited to get an answer. If neutrinos travel through
dense materials, the mixing between flavor and mass eigenstates is changed differently
for neutrinos and antineutrinos, and whether the mixing increases or decreases depends
on the mass hierarchy [10]. In order to measure these effects with experiments, artificial
beams of neutrinos and antineutrinos are being sent several hundred kilometers through
the Earth’s crust, and the derived oscillation parameters for neutrinos and antineutrinos
are then compared to determine the neutrino mass hierarchy [12]. These experiments
are referred to as long-baseline neutrino-oscillation experiments. Latest results from
the Tokai To Kamioka (T2K) [13] and NOνA [14] experiments favor Normal Ordering
(NO) [15].

Lower bounds on absolute neutrino masses can be set by oscillation data by zeroing
the lightest massive neutrino eigenstate, while upper bounds can only be set by non-
oscillation neutrino experiments [16]. The sum of the neutrino masses Σmν is probed
by precision cosmology, the effective νe mass mβ is probed by β decay, and the effective
Majorana mass mββ is probed by neutrino-less double beta decay (0νββ decay, applicable
if neutrinos are Majorana fermions) [17]. 0νββ decay has never been observed, and
whether the neutrino is a Dirac fermion, i.e. neutrinos and antineutrinos are different
particles, or the neutrino is a Majorana fermion, i.e. neutrinos are their own antiparticles,
is still an open question [18]. The Karlsruhe Tritium Neutrino Experiment (KATRIN)
has reported an upper limit mβ < 1.1 eV, and plans to advance the sensitivity down to
0.2 eV (90 % CL) after 5 years of measuring [19]. The so far most stringent upper bond
on absolute neutrino masses has been derived from combined cosmological observations
and particle physics experiments; Σmν . 0.12 eV (95 % CL) [20].

Two future neutrino experiments with the capabilities to measure CP violation in the
leptonic sector and to determine the mass hierarchy are currently being built; Hyper-
KamiokaNDE (Hyper-K) [21] in Japan and the Deep Underground Neutrino Experiment
(DUNE) [22] in the USA. Hyper-K will be hosted by the Tochibora mine near Kamioka
town, about 295 km away from the Japan Proton Accelerator Research Complex (J-
PARC) in Tokai, Japan. The detector will be placed at a depth of 650 m and will be
the largest underground water C̆erenkov detector in the world. New near detectors are
considered to measure the un-oscillated beam in order to predict event rates at Hyper-K
and to constrain systematic uncertainties.

As a personal member of the DUNE Collaboration, I will focus my studies on the DUNE
experiment, which is being built at the Fermi National Accelerator Laboratory (FNAL)
in Illinois, USA, and at the Sanford Underground Research Facility (SURF) in South
Dakota, USA [22]. The oscillated signal will be measured with a massive Far Detector
(FD) located 1300 km from the neutrino source, and will be composed of four cryogenic
10 kt Liquid Argon Time Projection Chamber (LArTPC) detectors. The un-oscillated
signal at the FD will be predicted from measurements of the un-oscillated neutrino
beam. These measurements will be performed with a Near Detector (ND) located 574 m
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from the neutrino source, using a LArTPC as the detector’s core component [23]. A
high-intensity neutrino beam combined with the massive FD will provide enough neutrino
interactions to determine the CP-violating phase for 50 % of all possible values at 5σ
significance after about 10 years [22]. As a consequence, the ND will detect as many as
∼ 55 neutrino events per beam spill. Since the charge-readout window in the DUNE ND
is on the O(10) times longer than the beam spill, all events within the beam spill will be
seen by the charge-readout as a single image; we call that event pile-up.

Wire-readout Time Projection Chambers (TPCs) reconstruct 3D images from multiple
2D projections, which introduces ambiguities [24]. These ambiguities pose a serious
problem if it comes to the reconstruction of overlapping events, and consequently,
projective wire readouts are not suitable for environments with a high event pile-up,
such as the DUNE-ND site. An novel, pixelated charge-readout system [25], that was
developed for the application in environments with high event multiplicities, and that will
be applied to the DUNE-ND LArTPC, will be discussed in this work. This charge-readout
system will enable true-3D and unambiguous event imaging, however, it will not be able
to assign detached energy deposits to neutrino interaction vertices, which is essential for
a precise neutrino-energy reconstruction in Liquid Argon (LAr).

Neutrino oscillations are a function of the neutrino energy, and in order to determine
the oscillation parameters in long-baseline neutrino-oscillation experiments, the neutrino
flavor as well as the neutrino energy needs to be measured with both the ND and the FD.
A Charged Current (CC) Quasi-Elastic (QE) neutrino interaction with a single-nucleon
target follows two-body kinematics, and the neutrino energy can be reconstructed from
the lepton angle and energy independent of whether the nucleon is observed or not. That
does not apply for multi-nucleon targets, e.g. LAr, because of the unknown initial state
of the nucleus and Final State Interactions (FSI) [8]. Here, the calorimetric method is
needed to reconstruct the neutrino energy, i.e. all energies carried away by particles
produced in the neutrino interaction need to be measured and summed up. Neutrons
emerging from the interaction vertex can carry away more than 25 % of the neutrino
energy, which is missed by applying the calorimetric method because neutral particles
are not reconstructed in LArTPCs.

A method to tag neutrino events for mis-reconstructed neutrino energy due to neutrons
is the goal of this work. Neutrons can interact with argon nuclei and produce secondary
charged particles that are visible in LArTPCs. In the DUNE ND, these charged particles
show up as detached energy deposits that can not be assigned unambiguously to a
neutrino interaction vertex, because the charge-readout will see multiple events piled-up.
Here, the fast scintillation light in LAr, which can be detected with a timing resolution
of the O(1) ns, can be exploited to make the association between the detached energy
deposit and the neutrino interaction vertex. Accordingly, I plan to use a combination of
the charge and the light signals produced in LArTPCs to assign neutrons by indirect
detection to neutrino interaction vertices.
Such a method additionally requires spatial resolution provided by the light-readout

system. Therefore, an optical simulation needs to be implemented in order to derive the
spatial resolution of the light-readout system, which in turn can be used for a feasibility
check of the proposed method of neutron tagging. I plan to provide the output of the
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optical simulation in a compact format that allows a simplified handling for further
studies of the optical detector-response, and that allows for a simple integration in
high-level reconstruction software.
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2. History of Neutrino Oscillation and
Detector Techniques

In the early 20th century, the English physicist James Chadwick studied the momentum
spectrum of β-particles emitted by 226

88Ra and its daughters. His intent was to determine
the relative intensities of the discrete energies in the line spectrum. The results of the
measurements were altogether unexpected to Chadwick; despite being able to identify a
few of the most intense lines, the spectrum he found was a continuous spectrum. Chad-
wick’s account on these results was published in April 1914 and no further communication
appeared. [2, 3]

The idea of the neutrino was born in 1930, when Wolfgang Pauli desperately tried to
save the law of energy conservation questioned by the continuous beta spectrum observed
by Chadwick 16 years earlier. In his famous letter of the 4th December 1930 addressing
the “Radioactive Ladies and Gentlemen”, Pauli postulated a new, electrically neutral
spin-1

2 particle with a mass comparable to that of the electron. He had no idea to what
interaction it could couple to, but was right in the assumption that in a beta decay such
a particle — Pauli called it a Neutron — is emitted in addition to the electron, such that
the sum of their energies is constant. [1] James Chadwick discovered the actual neutron
a bit more than a year later, in January 1932, when he observed a radiation of high
penetrating power emitted in the disintegration of beryllium by α-particles. [26]

In 1933, further analyzing the shape of continuous β-emission spectra, Francis Perrin
estimated the mass of the particle postulated by Pauli to be much lower than the electron
mass, if not even zero. [27] In the same year, Enrico Fermi named the said particle a
neutrino and, until the end of that year, elaborated a quantitative theory of β-decay and
weak interaction, which assumes the existence of the neutrino. [4] In the following year,
Hans Bethe and Rudolf Peierls estimated the size of the neutrino interaction cross-section
σ, a measure for their interaction probability, based on the lifetime of β-radiating nuclei,
to be less than 10−44 cm2. They concluded that, even if one assumes a very steep increase
of σ with increasing neutrino energy, there was no practically possible way of observing
a neutrino, not event at cosmic-ray energies. [28]
In 1954, Raymond Davis Jr. tried to detect antineutrinos from nuclear reactors with

a radiochemical method suggested by Bruno Pontecorvo in 1948. He deployed tanks
containing 200 L and 3900 L of carbon tetrachloride next to the Brookhaven and Savannah
River nuclear reactors, in attempt to induce the reaction

ν + 37Cl → 37Ar + e− (2.1)
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with fission product antineutrinos. Davis did not measure an increase of the reaction
close to the nuclear reactors compared to locations further away, and correctly concluded
that neutrinos and antineutrinos must be distinct particles [29].
In 1956, more than two decades after its prediction, Clyde Cowan and Frederick

Reines succeeded in detecting a neutrino for the first time in the so called Cowan-Reines-
Neutrinoexperiment at the Savannah River nuclear reactor test site in South Carolina,
USA. Cowan and Reines observed the antineutrino absorption reaction

νe + p → e+ + n (2.2)

in two 200-liter water targets, each placed between large liquid scintillation detectors.
Cadmium chloride (CdCl2) was dissolved in the water targets, with cadmium being a
strong absorber of thermal-energy neutrons1. Their experimental setup was located near
a powerful production fission-reactor, which provided an electron-antineutrino flux of
1.2× 1013 cm−2 s−1. The neutrino detection principle is illustrated in Figure 2.1. The
positron created in the neutrino interaction slows down and annihilates with an electron in
a time short compared to the detector’s 0.2 µs resolving time. The two resulting 0.5 MeV
annihilation gamma-rays are detected in prompt coincidence by the two scintillation
detectors on opposite sides of the water targets. The neutron created in the neutrino
interaction is moderated by the water and then captured by cadmium within a few
microseconds. Again, the multiple gamma rays produced in the neutron capture are
detected in prompt coincidence by the scintillation detectors, yielding a characteristic
delayed-coincidence count with the preceding positron gammas. These tests demonstrated
that reactor-associated events occurred at the rate consistent with expectations, and that
the signal was not due to neutrons or gamma rays from the reactor. [5]
In 1957, the Wu-Experiment, conducted by and named after the Chinese-American

physicist Chien-Shiung Wu, showed that the weak interaction, in contrary to the electro-
magnetic and strong interactions, violates parity conservation. [30] In the following year,
Maurice Goldhaber was able to determine the helicity of the neutrino in the so-called
Goldhaber-Experiment; he found that the neutrino is a left-handed particle, i.e. spin
vector and momentum vector have opposite direction (negative helicity). [31]

In 1962, Leon Ledermann, Melvin Schwartz and Jack Steinberger reported the exist-
ence of two kinds of neutrinos, electron neutrinos and muon neutrinos, based on their
observations in the Alternating Gradient Synchrotron (AGS) Neutrino Experiment at
Brookhaven National Laboratory (BNL). They measured interactions of high-energy
neutrinos with matter. The neutrinos were primarily produced by pion decay,

π+ → µ+ + νµ and π− → µ− + νµ, (2.3)

and interactions were studied in spark chambers, providing the possibility to distinguish
muon events from electromagnetic showers. If one assumes that νe = νµ (νe = νµ), then
the number of observed muon events is expected at the same order as the number of

1Neutrons are considered thermal at kinetic energies comparable to the thermal agitation energy at
room temperature, i.e. E ≈ kT ≈ 1/40 eV.
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Figure 2.1.: The neutrino detection principle used in the Cowan-Reines-
Neutrinoexperiment. A cadmium-chlorine doped water target is
sandwiched by scintillation detectors. The positron (β+) created in
the neutrino interaction annihilates with an electron, and the resulting
gamma-rays are detected in prompt coincidence by the scintillation
detectors. The neutron (n) created in the neutrino interaction is moderated
by water and captured by cadmium. Again, the resulting gamma rays
are detected in prompt coincidence by the scintillation detectors, yielding
a characteristic delayed-coincidence count with the preceding positron
gammas. [5]

observed electromagnetic showers. However, Ledermann and his team measured 29
muon events but only 6 shower candidates of rather low quality, concluding that νe 6= νµ
(νe 6= νµ). [32]

In 1967, the Soviet physicist Andrei Sakharov formulated a possible explanation of
matter-antimatter asymmetry in the hot model of the expanding universe by making use
of effects of CP violation2. The theory of the expanding universe excludes the macroscopic
separation of matter from antimatter; it must therefore be assumed that the universe is
asymmetrical with respect to the number of particles and antiparticles (C asymmetry).
According to Sakharov, the universe was neutral with respect to conserved charges but

2CP violation is the violation of combined C symmetry (charge symmetry) and P symmetry (parity
symmetry).
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C asymmetrical at the instant of its development. C asymmetry is the consequence of
CP violation in the expansion of the hot universe caused by the difference between the
partial probabilities of charge-conjugate reactions. [9] Up to now, CP violation has not
yet been observed, but its measurement is subject of modern neutrino experiments and
coming results might strengthen Sakharov’s theory.

In the period 1965–1967, the Homestake Solar Neutrino Observatory was built at the
Homestake Gold Mine in Lead, South Dakota, USA. Recent Standard Solar Model (SSM)
calculations performed by John N. Bahcall had indicated a measurable flux of neutrinos
from the decay of fusion products (predominantly 8B) produced in the core of the Sun.
Raymond Davis Jr. designed the experiment to measure this so-called solar neutrino flux
on Earth based upon the neutrino capture reaction

νe + 37Cl → e− + 37Ar, (2.4)

which is sensitive to neutrinos with an energy above 0.814 MeV. The detection system
was located in the Homestake Gold Mine 1478 m underground (4400 m water equivalent),
which was essential to reject reactions by protons formed in cosmic-ray interactions. The
neutrino detection depends upon removing the 37Ar created according to Equation 2.4,
and observing its decay in a proportional counter. This principle is illustrated in Figure 2.2.
A cylindrical tank containing 390 000 l of liquid tetrachloroethylene (chlorine), C2Cl4,
represents the sensitive core component of the detector. Liquid chlorine is extracted from
the bottom of the tank (suction line) and pumped back to the tank trough a series of 40
eductors. The eductors aspirate helium from the gas phase above the liquid and mix it as
small bubbles with the liquid in the tank, maintaining an effective equilibrium between
the argon dissolved in the liquid and the argon in the gas phase. Argon is eventually
extracted by circulating the helium gas from the tank through a charcoal trap. [33]
In 1968, Davis announced that the neutrino flux measured with the Homestake-

Experiment was 2.56± 0.16 (stat)± 0.16 (syst) Solar Neutrino Units (SNUs)3. This is
less than one third of the SSM prediction (9.3± 1.3 SNUs) calculated by Bahcall. [34]
Due to the large discrepancy between the measurement and the prediction this result
became famous as the solar neutrino problem, which was not solved until 2002.

In 1975, Martin Perl et al. discovered the tau lepton (or tauon) at the Stanford Linear
Accelerator Center (SLAC). The tauon is the heaviest of the three known leptons and
charged counterpart of the, at that time not yet discovered, tau neutrino. [35, 36]
In 1988, the Kamiokande-II Collaboration reported on a deficit of the atmospheric

muon-neutrino flux measured with the Kamioka Nucleon Decay Experiment (Kamiokande)
detector in the Mozumi Mine in Kamioka, Japan. [37] Three years later, in 1991, the
anomaly was confirmed by measurements performed with the IMB-3 detector located in
a salt mine in Ohio, USA. [38] Both detectors were multi-kt water C̆erenkov detectors
originally designed for proton decay searches. In this type of detector, charged particles
are detected via C̆erenkov radiation, which is emitted if the particle’s velocity v is greater
than the speed of light in the respective medium c/n, where c is the speed of light
in vacuum and n the refractive index of the medium. C̆erenkov radiation is emitted

3One Solar Neutrino Unit corresponds to one interaction per 1036 target atoms per second.
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Figure 2.2.: The neutrino detection principle used in the Homestake-Experiment. A
cylindrical tank containing 390 000 l of liquid tetrachloroethylene (chlorine),
C2Cl4, represents the sensitive core component of the detector. Liquid
chlorine is extracted from the bottom of the tank (suction line) and pumped
back to the tank trough a series of 40 eductors. The eductors aspirate
helium from the gas phase above the liquid and mix it as small bubbles
with the liquid in the tank, maintaining an effective equilibrium between
the argon dissolved in the liquid and the argon in the gas phase. Argon is
eventually extracted by circulating the helium from the tank through a
charcoal trap. [33]

cone-shaped around the particle’s trajectory with a half-opening angle θc, which can be
calculated from the relation

cos(θc) = c

n(λ)v . (2.5)
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Here, λ denotes the wavelength of the emitted photons. The total number of photons N
emitted along a path length x can be calculated by integrating over the wavelength of
the emitted photons,

dN

dx
= 2παz2

∫ λ2

λ1

(
sin(θc(λ))

λ

)2

dλ, (2.6)

where α is the fine-structure constant and z the electric charge of the particle. Direction,
momentum and type of the incident particle as well as the interaction time can be
determined by analyzing the ring-like photon signal with light detectors covering the
edges of the active medium. Neutrinos can be detected indirectly through the charged
leptons ` = e, µ, τ produced in CC interactions

ν` + n → `− + p (2.7)

and

ν` + p → `+ + n, (2.8)

given the neutrino energy is large enough to provide the respective lepton mass. In
addition, neutrinos of any lepton family can scatter elastically off the shell electrons of
the target medium, according to the interaction

(−)
ν` + e− →

(−)
ν` + e−. (2.9)

The recoiling electron can also be detected by C̆erenkov radiation if the energy transferred
by the neutrino is large enough. Protons produced in the neutrino Neutral Current (NC)
interaction

(−)
ν` + 16

8O →
(−)
ν` + 15

7N + p + γ (2.10)

are below C̆erenkov energy-threshold, for atmospheric neutrino energies. However, NC
interactions can still be detected by measuring the de-excitation photons emitted by
the residual target nuclei, or the photons emitted after the capture of a knocked-out
neutron [39]:

(−)
ν` + 16

8O →
(−)
ν` + 15

8O + n + γ. (2.11)

Atmospheric neutrinos are a decay product of mesons produced by cosmic rays strik-
ing the atmosphere. While the atmospheric electron-neutrino flux observed with the
experiments mentioned above was in good agreement with theoretical predictions, the
measured atmospheric muon-neutrino flux was well below the expectation. The result
became famous as the atmospheric neutrino problem.
Also in 1991, Kamiokande-II, an acronym for the Kamiokande in its second version,

confirmed the solar neutrino problem. The collaboration performed directional measure-
ments of 8B solar neutrinos by neutrino-electron Elastic Scattering (ES). The directional
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correlation with the Sun and the consistency of the differential electron energy distri-
bution in shape and energy with that from 8B decay confirmed the SSM. However, the
measured solar neutrino flux was 0.46± 0.05 (stat)± 0.06 (syst) times the prediction of
Bahcall, and was consistent with the results from the Homestake-Experiment. [40]
In 1989, the total number of light neutrino families (flavors) was determined by the

precise measurement of the Z-boson line shape at the Large Electron-Positron Collider
(LEP)4, operated by the European Organization for Nuclear Research (CERN). It was
found that there are three neutrino families, light in terms of a neutrino mass less than
half of the Z-boson mass. [41]
In 1998, the Super-Kamiokande Collaboration published measurements of the ratio

between µ-like and e-like atmospheric neutrinos in the multi-GeV range, and the respective
zenith-angle dependence. The measurements were performed with the Super-Kamiokande
detector, a 50 kt water C̆erenkov detector equipped with more than 13 000 PhotoMultiplier
Tubes (PMTs) and located 1000 m underground (2700 m water equivalent) in the Mozumi
Mine close to the Kamiokande detector. The total measured ratio (νµ/νe) was by a
factor 0.66± 0.06 (stat)± 0.08 (syst) lower than the expectation from simulations (= 2).
Regarding the zenith-angle, the ratio of the number of upward-going to downward-going
µ-like events was found to be 0.52+0.07

−0.06 (stat)± 0.01 (syst) while the same ratio for the
e-like events was consistent with unity. The collaboration concluded that the relative
deficit of upward-going µ-like events from neutrinos that traveled a long distance through
the Earth suggests the disappearance of νµ through neutrino oscillations. [42, 43]

Although the result provided a potential solution to the atmospheric neutrino problem,
it was not yet a proof for neutrino oscillations. At Earth-scale baselines, muon neutrinos
predominantly oscillate into tau neutrinos. The Super-Kamiokande detector was not
sensitive to NC interactions but only to CC interactions, and consequently not able to
measure tau neutrinos. In the NC interaction, the weak force is mediated by a neutral
boson, Z0, while in the CC interaction, the weak force is mediated by a charged boson,
W+ or W−, as depicted by the Feynman diagrams shown in Figure 2.3. In the CC

Z0

n

ν`

n

ν`

W±

n

ν`

p

`−

Figure 2.3.: NC neutrino-nucleus interaction (left) and CC neutrino-nucleus interaction
(right). In the CC interaction, the neutrino needs to provide enough energy
to create the respective lepton mass.

4Measurements were performed by the MARKII, L3, ALEPH, OPAL and DELPHI experiments [41].
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interaction, the neutrino needs to provide enough energy to create the respective lepton
mass. The CC interaction cross-section for ντ is greatly suppressed at low energies due
to the large mass of the tauon (1777 MeV/c2) and results in an energy threshold of
3.5 GeV. Furthermore, the tauon has a mean lifetime of 2.9× 10−19 s and it decays very
quickly after production. Because of these limitations, Super-Kamiokande was not able
to measure tau neutrinos at that time. [44]
In 2000, the tau neutrino, predicted after the discovery of the tau lepton in 1975,

was measured for the first time by the Direct Observation of the Nu Tau (DONUT)
experiment at the FNAL in Illinois, USA. At neutrino energies used in the experiment,
the produced tauon typically decays within 2 mm from its creation point into a lighter
lepton or meson. Accordingly, the signal produced by a ντ interaction is a track with a
kink. The interactions were observed with so-called emulsion detectors (stainless steel
sheets interleaved with emulsion plates) which were able to provide the required tracking
resolution. [45]
Finally, in 2002, the Sudbury Neutrino Observatory (SNO) was able to solve the

solar neutrino problem. SNO is a spherical water C̆erenkov detector located at a depth
of 2100 m (6010 m water equivalent) in the Creighton Mine near Sudbury in Ontario,
Canada. The detector was filled with heavy water (D2O) and equipped with 9456 PMTs.
It was sensitive to 8B solar neutrinos through the reactions

νe + d → p + p + e− (CC), (2.12)

ν` + d → p + n + ν` (NC) (2.13)

and

ν` + e− → ν` + e− (ES). (2.14)

The CC reaction was sensitive exclusively to electron neutrinos while the NC reaction was
equally sensitive to all three neutrino flavors ` = e, µ, τ . The ES reaction was sensitive
to all flavors as well but with reduced sensitivity to νµ and ντ . CC and ES reactions were
measured by C̆erenkov radiation and NC reactions were measured by neutron capture on
deuterium.

It was the first measurement of the total 8B flux and it was in well agreement with the
SSM, as evident from Figure 2.4. The dashed lines represent the ±1σ boundaries of the
total flux predicted by the SSM and the solid blue band represents the ±1σ confidence-
interval of the total NC flux measured by SNO. The red and green bands represent the
respective SNO measurements for the CC and ES reactions. All bands intersect at the fit
values for φe (electron-neutrino flux) and φµτ (combined muon- and tau-neutrino flux),
indicating that the combined flux is consistent with that one predicted by the SSM.
As we will see in Chapter 3, this result was also consistent with the theory of neutrino
oscillation in high-density environments, such as the core of the Sun. Consequently,
this was not only the solution to the solar neutrino problem but also proof of neutrino
oscillations first predicted by Bruno Pontecorvo in 1957 [47]. Furthermore, it was a
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2. History of Neutrino Oscillation and Detector Techniques

Figure 2.4.: Final result of flux measurements performed at SNO. The dashed lines
represent the ±1σ boundaries of the total flux predicted by the SSM and
the solid blue band represents the ±1σ confidence-interval of the total NC
flux measured by SNO. The red and green bands represent the respective
SNO measurements for the CC and ES reactions. All bands intersect at
the fit values for φe (electron-neutrino flux) and φµτ (combined muon- and
tau-neutrino flux) indicating that the combined flux is consistent with that
one predicted by the SSM. [46]

confirmation that neutrinos have non-zero mass, which is a requirement for neutrino
oscillations to happen. [46]

Since SNO proved the concept of neutrino oscillations and consequently non-zero neutrino
masses, many experiments around the globe contributed to a better understanding of
the oscillation phenomena by measuring its governing parameters. In 1999, the KEK to
Kamioka (K2K) [48] experiment begun its investigation of neutrino oscillations suggested
by atmospheric neutrino observations. It was the first long-baseline neutrino-oscillation
experiment and found oscillation parameters which were consistent with those measured
by Super-Kamiokande [49]. The Kamioka Liquid scintillation AntiNeutrino Detector
(KamLAND) [50] started to collect data in 2002. Combined with results from solar
neutrino experiments, it has measured the mass splitting and mixing angle relevant
for the oscillations observed from solar neutrinos, the so-called solar parameters. In
2006, the Main Injector Neutrino Oscillation Search (MINOS) long-baseline neutrino-
oscillation experiment at FNAL measured the mass splitting and mixing-angle related
to muon-neutrino disappearance, the so-called atmospheric parameters [51]. The Daya-
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Bay [52], RENO [53] and Double Chooz [54] neutrino experiments have measured
oscillation parameters from the disappearance of reactor electron-antineutrinos. They
have set a relatively large value for the smallest of the three mixing angles; a non-zero
value is required for violation of CP-symmetry. In 2012, the Daya-Bay experiment
reported the discovery of the non-zero value for the smallest of the three neutrino-
mixing angles, pushing experiments to further investigate in the potential violation of
CP-symmetry in the lepton sector. In 2013, the NuMI Off-Axis νe Appearance (NOνA)
long-baseline neutirno-oscillation experiment [55] at FNAL (successor of the MINOS
experiment) started data taking, with the goal to precisely measure the parameters of
muon neutrino and antineutrino disappearance, and the associated mass splitting, which
allows strong constraints on the CP-violating phase and the neutrino mass hierarchy.
Analogous measurements are performed by the T2K long-baseline neutrino-oscillation
experiment [56] in Japan, which started operations in 2010. As of 2020, the T2K [13]
and NOνA [14] experiments favor NO [15]. Latest results from T2K show an indication
of CP-violation in the lepton sector [57]. Furthermore, T2K was the first experiment
that observed neutrino appearance (electron neutrino appearance in a beam of initially
muon neutrinos) [58], in 2011, and significantly contributed to the understanding of
neutrino-nucleus interactions of various topologies by measuring their cross sections.
In 2015, the Oscillation Project with Emulsion-tRacking Apparatus (OPERA) [59]
experiment succeeded in measuring νµ → ντ oscillations by the detection of tau-neutrino
CC-interactions in emulsion detectors.
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3. Neutrino Theory
In Chapter 2, we saw that the SNO proved the concept of neutrino oscillations and, as
a consequence, the existence of massive neutrinos. In Chapter 3, I am going to discuss
the underlying theory of neutrino oscillations, and we will see why non-zero neutrino
masses are a requirement for oscillations to happen. I will discuss different sources of
neutrinos, and we will have a look on how state-of-the-art neutrino experiments measure
the fundamental properties of neutrinos and investigate the laws of the weak interaction
via neutrino oscillations.

3.1. Neutrino Oscillation in Vacuum
There are three types of neutrinos by means of how they interact weakly and to which
of the three lepton families of electron, muon and tau they correspond. These are the
so-called flavor eigenstates of the neutrino. On one hand, each flavor eigenstate is a
composition of the three so-called mass eigenstates, which are distinguished by numerical
indices. On the other hand, each mass eigenstate is a composition the three flavor
eigenstates. The relation between flavor and mass eigenstates in vacuum is described by
a three-dimensional orthogonal rotation that is defined by the unitary Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix U :νe

νµ
ντ

 = U

ν1
ν2
ν3

 . (3.1)

The PMNS matrix, or simply called mixing matrix, shown in Equation 3.2,

U =

 c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s13s23e
iδCP c12c23 − s12s13s23e

iδCP c13s23
s12s23 − c12s13c23e

iδCP −c12s23 − s12s13c23e
iδCP c13c23

P (3.2)

depends on the three mixing angles θ12, θ13 and θ23, where sij ≡ sin θij and cij ≡ cos θij,
and the Dirac CP-violating phase δCP [7, 60, 61]. P is either the identity matrix (in case
when the neutrino is a Dirac fermion) or a diagonal matrix with the following form:

P =

e
iα1 0 0
0 eiα2 0
0 0 1

 (3.3)

containing the Majorana CP-violating phases α1 and α2 (in case when the neutrino is a
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Majorana fermion)1 [18]. According to Equation 3.1, the flavor eigenstate of a neutrino
created in a CC weak interaction with a charged lepton `±α is a composition of the mass
eigenstates (k = 1, 2, 3), weighted with the respective factors given in the mixing matrix
U :

|να〉 =
∑
k

U∗αk |νk〉 (α = e, ν, τ). (3.4)

Under the assumption that the neutrino mass eigenstates evolve as plane waves in time,
we can describe them at any given time t after their creation by

|νk(t)〉 = e−iEkt |νk〉 , (3.5)

where

Ek =
√
~p 2 +m2

k (3.6)

is the neutrino energy defined in terms of the neutrino momentum p and the neutrino
mass mk. Analogously, we can express the temporal evolution of the neutrino flavor
eigenstates as

|να(t)〉 =
∑
k

U∗αke
−iEkt |νk〉 . (3.7)

The mass eigenstates in Equation 3.7 can be decomposed into flavor eigenstates in turn.
Here, we make use of the following relation

U †U = 1 ⇐⇒
∑
α

U∗αkUαj = δjk (3.8)

applied to the mixing matrix (U † denotes the conjugate transpose of U), which allows us
to write down the mass eigenstates in terms of flavor eigenstates as follows:

|νk〉 =
∑
α

Uαk |να〉 . (3.9)

Given that relation, we can substitute the respective mass eigenstates in Equation 3.7

|να(t)〉 =
∑

β=e,µ,τ

(∑
k

U∗αke
−iEktUβk

) ∣∣∣νβ〉 , (3.10)

which yields a relation for the temporal evolution of the flavor eigenstates α in terms of
the the initial flavor eigenstates β. Accordingly, the probability to observe a neutrino in
the final flavor eigenstate νβ at any time t after a given initial flavor eigenstate να is

Pνα→νβ(t) =
∣∣∣〈νβ∣∣∣να(t)

〉∣∣∣2 =
∣∣∣∣∣∑
k

UαkU
∗
βke
−iEkt

∣∣∣∣∣
2

, (3.11)

1Whether the neutrino is a Dirac fermion, i.e. neutrinos and antineutrinos are different particles, or the
neutrino is a Majorana fermion, i.e. neutrinos are their own antiparticles, is still an open question.
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which can be expanded as

Pνα→νβ(t) =
∑
k,j

U∗αkUβkUαjU
∗
βje
−i(Ek−Ej)t (j = 1, 2, 3). (3.12)

For ultrarelativistic2 neutrinos, the energy relation in Equation 3.6 can be approximated
by the second-order Taylor expansion

Ek ' E + m2
k

2E , (3.13)

where we assume the same momentum p for all neutrino mass eigenstates. In turn, the
energy difference between two neutrino mass eigenstates

Ek − Ej '
∆m2

kj

2E (3.14)

becomes a function of the respective neutrino mass splitting

∆m2
kj ≡ m2

k −m2
j (3.15)

and of the generalized neutrino energy

E = |~p |. (3.16)

Finally, the probability given in Equation 3.12 can be rewritten as

Pνα→νβ(t) =
∑
k,j

U∗αkUβkUαjU
∗
βj exp

(
−i∆m

2
kjt

2E

)
, (3.17)

which we now call the oscillation probability for the transition from the flavor eigenstate
α into the flavor eigenstate β. The oscillation probability of the channels with α = β is
usually called survival probability, whereas the oscillation probability of the channels with
α 6= β is usually called transition probability. [6] The probabilities do not only depend on
the time but also the neutrino energy, the neutrino masses and the mixing angles, as we
will see in the next section.

3.2. L/E Dependence and Mass Splitting
The propagation time t is not measured in neutrino oscillation experiments. Instead,
the baseline L, i.e. the distance between the neutrino source and the detector, is known.
Since ultrarelativistic neutrinos propagate nearly at the speed of light, it is possible to
approximate t = L, leading to

Pνα→νβ(L,E) =
∑
k,j

U∗αkUβkUαjU
∗
βj exp

(
−i∆m

2
kjL

2E

)
. (3.18)

2A particle is called ultrarelativistic when its speed is very close to the speed of light c, i.e. its energy
is almost completely due to its momentum (pc� mc2).
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It is shown in [6], that in case of the survival probability, Equation 3.18 can be rewritten
in the following simple form:

Pνα→να(L,E) = 1− 4
∑
k>j

∣∣∣Uαk∣∣∣2∣∣∣Uαj∣∣∣2sin2
(

∆m2
kjL

4E

)
. (3.19)

Expression 3.19 makes clear that the baseline L and the neutrino energy E are the two
quantities that drive the phases of neutrino oscillations

Φkj = ∆m2
kjL

4E = 1.267 ∆m2
kj(eV2) L(km)

E(GeV) , (3.20)

while the amplitudes of the oscillations are determined only be the elements of the
mixing matrix, which are functions of the mixing angles and are constant. Moreover,
the neutrino masses feed into the oscillation probabilities. Only if the neutrino mass
splittings, i.e. the differences between the masses of the neutrino mass eigenstates, are
greater than zero, then transition probabilities are non-vanishing. Therefore, neutrinos
can only oscillate if at least two of them are massive. With a fixed baseline L and a fixed
neutrino energy E, neutrino oscillation experiments can extract the parameters in the
mixing matrix and the mass splittings by measuring survival and transition probabilities.
The sensitivity on those parameters is usually characterized by a quantity that we call
oscillation length, and which is defined as the distance at which the respective phase
becomes equal to π, i.e. the distance between any two closest minima or maxima of the
oscillation probability:

Losckj = 4πE∣∣∣∆m2
kj

∣∣∣ ' 2.48 km E(GeV)∣∣∣∆m2
kj

∣∣∣(eV2)
. (3.21)

If L� Losckj , then oscillations to not have enough time to evolve and Pνα→νβ(L,E) ' δα,β.
If L� Losckj , then so many oscillations occur that only an averaged oscillation probability
can be measured. The maximum sensitivity to oscillations and the respective parameters
occur when L ' Losckj , i.e. when L/E ' ∆m2

kj. [6, 10, 62]
Absolute neutrino masses can not be measured by oscillation experiments because

oscillations are only sensitive to the mass splittings. Neutrino mass splittings, on the
other hand, have been pinned down to fractions of meV2. Measurements have shown
that two out of three neutrino masses are very close (∆m2

21 ' 7.4× 10−5 eV2), while
the third neutrino mass is farther away (∆m2

3j ' 2.5× 10−3 eV2). However, it is still
unknown whether ν3 is heavier or lighter than the two other neutrino mass eigenstates,
which is known as the problem of neutrino mass hierarchy. The problem is illustrated
in Figure 3.1: on the left-hand side is shown what we call NO, i.e. ν3 is the heaviest
massive neutrino and ∆m2

3j ≡ ∆m2
31 > 0. And on the right-hand side is shown what

we call IO, i.e. ν3 is the lightest massive neutrino and ∆m2
3j ≡ ∆m2

32 < 0. The colors
indicate the flavor composition of the three massive neutrinos according to the values in
the PMNS matrix. [11]

It is important that neutrino oscillation experiments tune the ratio L/E with respect
to the mass splittings in order to maximize their sensitivity for the parameters they want
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3. Neutrino Theory

Figure 3.1.: Illustration of the problem of neutrino mass hierarchy: it is unknown
whether ν3 is heavier or lighter than the two other neutrino mass eigenstates.
On the left-hand side is shown what we call NO, i.e. ν3 is the heaviest
massive neutrino and ∆m2

3j ≡ ∆m2
31 > 0. And on the right-hand side

is shown what we call Inverted Ordering (IO), i.e. ν3 is the lightest
massive neutrino and ∆m2

3j ≡ ∆m2
32 < 0. The colors indicate the flavor

composition of the three massive neutrinos according to the values in the
PMNS matrix. [11]
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to measure, i.e. what transitions they want to observe. As we will see in the next section,
the neutrino energy is often defined by the neutrino source, which means that oscillation
experiments predominantly need to tune their baselines.
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3.3. Neutrino Sources
The energy of neutrinos in the universe depends on their source and varies by ∼ 20 orders
of magnitude in eV from cosmological neutrinos with ∼ 1× 10−4 eV to astrophysical
neutrinos with ∼ 1× 1016 eV. Also the neutrino composition in terms of massive neutrinos
depends on the neutrino flavor produced at the source. Understanding the neutrino
production mechanism is crucial to predict what flavor ratios we can measure in our
detectors. The fluxes of different neutrino sources as a function of the neutrino energy
are summarized in Figure 3.2.

Figure 3.2.: Flux and energy of different neutrino sources in the universe. The arrows
indicate the energy thresholds for CC interactions of νe, νµ and ντ on a
free proton target. [10]
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Many neutrino oscillation experiments are limited to a single source (or energy range)
because the ratio L/E needs to fit the respective mass splitting, and the baseline
L is usually fixed. For that reason, many neutrino oscillation experiments are not
sensitive to the effect of three-neutrino mixing. In these cases, it is convenient to use the
approximation of two-neutrino mixing, where only two massive neutrinos out of three
and two flavor neutrinos out of three are considered. The flavor neutrinos can either be
pure flavor neutrinos or linear combinations of pure flavor neutrinos. The mixing matrix
simplifies to a two-dimensional rotation matrix with a single mixing angle θ:

U =
(

cos θ sin θ
− sin θ cos θ

)
, (3.22)

and oscillations depend on only one mass splitting,

∆m2 ≡ m2
2 −m2

1, (3.23)

with m1 the mass of the lightest neutrino. The transition and survival probabilities for
two-neutrino mixing can be derived from from Equation 3.17, leading to

Pνα→νβ(L,E) = sin2 (2θ) sin2
(

∆m2L

4E

)
(3.24)

and

Pνα→να(L,E) = 1− sin2 (2θ) sin2
(

∆m2L

4E

)
. (3.25)

The PMNS matrix (Equation 3.2 in the Dirac case) can be rewritten as three orthogonal
rotation matrices

U =

1 0 0
0 c23 s23
0 −s23 c23


︸ ︷︷ ︸

atmospheric

 c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13


︸ ︷︷ ︸

reactor

 c12 s12 0
−s12 c12 0

0 0 1


︸ ︷︷ ︸

solar

, (3.26)

where each rotation matrix describes the mixing between two massive neutrinos, similar
to the two-neutrino mixing discussed above. Accordingly, each of the three matrices can
be assigned a source of neutrinos which they describe at best. For historical reasons,
these sources are the Sun, the atmosphere and nuclear reactors. It is now understood that
the past solar-neutrino experiments did not actually measure oscillations but only the
flavor composition of one massive neutrino eigenstate. On the other hand, atmospheric
neutrinos have mainly been replaced by accelerator-based beam neutrinos nowadays. We
will now have a closer look at these four types of neutrinos, which are the most relevant
for neutrino oscillation measurements.
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Solar Neutrinos

Solar neutrinos are produced in large quantities by fusion reactions in the core of the
Sun. The total solar flux at the Earth is 6.5× 1010 neutrinos per cm2 and per second.
More than 90 % of these neutrinos originate from the Proton-Proton (PP) chain, where
four protons are fused into a helium core. The PP-chain reactions relevant for neutrino
production are listed in Table 3.1. The third column shows the neutrino energy, the fourth

Table 3.1.: SSM (BP2000) solar neutrino predictions taken from Refs [34, 63, 64].

Reaction Label Energy [MeV] Flux [1010 cm−2 s−1] Cl [SNU]

p + p → 2H + e+ + νe pp ≤ 0.420 5.95 0.0
p + e− + p → 2H + νe pep 1.442 1.40× 10−2 0.22

3He + p → 4He + e+ + νe hep ≤ 18.8 9.3× 10−7 0.04
7Be + e− → 7Li + νe

7Be 0.861 (90 %) 4.77× 10−1 1.15
8B→ 8Be∗ + e+ + νe

8B ≤ 15 5.05× 10−4 5.76

column the flux at the Earth and the fifth column the neutrino absorption cross-section
on chlorine, which was used as target in the Homestake-Experiment. The 8B neutrino
energies are at the order of 10 MeV. For ∆m2

21 ' 7.4× 10−5 eV2 the oscillation length
Losc21 ' 350 km, whereas the distance from the Sun to the Earth is ∼ 150 Million km.
Consequently, what is measured on Earth are the averaged oscillation probabilities of
νe in vacuum because L � Losc21 . As we will see later in this Chapter, environments
with very high matter densities (e.g. the core of the Sun) can change the effective
neutrino-mixing angles. For that reason, 8B neutrinos coming from the Sun are produced
in a pure ν2 mass eigenstate, and what we actually measure on Earth is the respective
flavor composition of ν2 in vacuum.

Atmospheric Neutrinos

Atmospheric neutrinos are part of cosmic-ray showers produced ∼ 30 km above the ground
by high-energy particles (mostly protons) coming from the Sun or extragalactic sources.
The characteristic composition of such a shower is shown in Figure 3.3. Short-lived mesons,
most of them pions, are produced when high-energy particles strike the atomic nuclei in
the upper atmosphere. The charged pions decay into muons and muon neutrinos, whereas
the produced muons further decay into electrons and electron neutrinos, according to
the reactions

π+ → µ+ + νµ → e+ + νe + νµ + νµ (3.27)

and

π− → µ− + νµ → e− + νe + νµ + νµ. (3.28)
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Figure 3.3.: Atmospheric neutrinos are produced by high-energy particles (mostly
protons) coming from the Sun or extragalactic sources. Short-lived mesons,
most of them pions, are produced when high-energy particles strike the
atomic nuclei in the upper atmosphere. The charged pions decay into
muons and muon neutrinos, whereas the produced muons further decay
into electrons and electron neutrinos. [65]

From these reactions, it is evident that the flux of atmospheric muon (anti)neutrinos is
roughly double the flux of atmospheric electron (anti)neutrinos. For ∆m2

3j ' 2.5× 10−3 eV2

and a typical neutrino energy around 1 GeV the oscillation length Losc3j ' 1000 km. Con-
sidering that atmospheric neutrinos are not only coming from above but are produced
isotropically in the upper layers of the atmosphere, an average baseline for oscillations
is represented by the Earth radius R⊕ = 6371 km. Here, we are in the regime L ' Losc3j ,
which explains why Super-Kamiokande measured a zenith-angle dependent deficit of
µ-like events in 1998.
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Reactor Neutrinos

Reactor neutrinos are a decay product of the isotopes produced in nuclear-fission reactors.
The fission fragments of heavy elements, like uranium or plutonium, usually show an
excess of neutrons and undergo β− decay as they become more stable, according to

A
ZE → A

Z−1E′ + e− + νe, (3.29)

where A is the mass number and Z is the atomic number of an element E decaying
into an element E ′. As a result, the produced neutrinos are of a single flavor with a
narrow energy range around 1 MeV. For ∆m2

3j ' 2.5× 10−3 eV2 the oscillation length
Losc3j ' 1 km, and the neutrino flux at 1 km distance from a 1 GW reactor is as high as
∼ 2× 109 neutrinos per cm2 and per second. Unlike for solar- and atmospheric-neutrino
experiments, the baseline is not predefined by the neutrino source but can be fine-tuned to
fulfill the needs of the experiment. That allows reactor-neutrino experiments to precisely
measure θ13 and the mass splitting between the lightest and the heaviest massive neutrino.
In 2012, the Daya-Bay Reactor Neutrino Experiment has measured a non-zero value for
the neutrino mixing angle θ13, the by then last yet unknown neutrino mixing angle [66].

Beam Neutrinos

Beam neutrinos are the product of man-made neutrino beams. The source of a neutrino
beam is a particle accelerator that accelerates protons to the desired kinetic energy.
Next, the protons are deflected towards a target where they undergo strong interactions
with the target material, yielding a forward-boosted bunch of pions aside from minor
contributions of heavier mesons. The secondary particles pass one or several magnetic
horns, where either the positively or negatively charged particles are focused towards a
decay pipe, while the counter-charged particles are deflected off. The charged pions enter
the decay pipe where they decay into muons and muon (anti)neutrinos (Equation 2.3)
after a mean lifetime of 2.6× 10−8 seconds. Any particles other than neutrinos are
absorbed by a massive beam dump positioned at the end of the decay pipe; the result
is a pure neutrino beam. Decay pipes have typical lengths of a few 100 m to prevent
electron-neutrino contamination by muon decay.
Neutrino beams are of either nearly pure νµ or νµ composition, and what is typically

measured in beam oscillation-experiments is the disappearance of µ-type and the appear-
ance of e-type neutrinos. Both the neutrino energy (where a lower limit is set by the
pion decay at rest) and the baseline can be chosen to fit the experiment. Same as for
atmospheric neutrinos, the oscillation length Losc3j ' 1000 km at 1 GeV neutrino energy.
Experiments with baselines of several 100 km length are referred to as long-baseline

neutrino-oscillation experiments. Examples are the former MINOS experiment [67]
(735 km baseline) and its successor the NOνA experiment [55] (810 km baseline), the T2K
experiment (295 km baseline), or the future DUNE experiment with a 1300 km baseline.

Experiments with shorter baselines (< 100 km) are referred to as short-baseline neutrino-
oscillation experiments. Former short-baseline neutrino-oscillation experiments (Liquid
Scintillator Neutrino Detector (LSND) and MiniBooNE, among others) have measured
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neutrino anomalies consistent with the mixing of the standard neutrinos with a fourth,
non-weakly-interacting sterile species [68]. The Short-Baseline Neutrino (SBN) program,
which is currently built at FNAL, addresses these anomalies and will carry out precision
searches for new physics in neutrinos [68].

As we will see in the next section, the neutrino and antineutrino oscillation probabilities
are different if CP symmetry is broken. Accordingly, long-baseline neutrino-oscillation
experiments are well suited to probe CP violation in neutrino oscillations because they
can be operated in both νµ and νµ mode.

3.4. Violation of CP-Symmetry
In Chapter 2, we saw that Daya Bay measured a non-zero value for the smallest of the
three mixing angles, θ13, which is a requirement for CP violation. In general, neutrino
oscillations can violate the CP symmetry or the T symmetry:

P (να → νβ) 6= P (να → νβ) (CP-symmetry violation), (3.30)

P (να → νβ) 6= P (νβ → να) (T-symmetry violation). (3.31)

On the other hand, the CPT theorem implies that P (να → νβ) = P (νβ → να). If CPT
is a symmetry of nature, then the violation of CP symmetry implies the violation of
T symmetry. To see how neutrino oscillations can violate the CP symmetry, we need to
reformulate Equation 3.18 as

Pνα→νβ(L,E) = δαβ − 4
∑
k>j

<
[
U∗αkUβkUαjU

∗
βj

]
sin2

(
∆m2

kjL

4E

)
(3.32)

+ 2
∑
k>j

=
[
U∗αkUβkUαjU

∗
βj

]
sin

(
∆m2

kjL

2E

)
.

In case of antineutrino oscillations, the only difference is that we start with antineutrino
flavor-states

|να〉 =
∑
k

Uαk |νk〉 (α = e, ν, τ) (3.33)

in which the elements of the mixing matrix are complex conjugated with respect to the
neutrino flavor-states in Equation 3.7. The respective antineutrino oscillation-probability
can be reformulated as

Pνα→νβ(L,E) = δαβ − 4
∑
k>j

<
[
U∗αkUβkUαjU

∗
βj

]
sin2

(
∆m2

kjL

4E

)
(3.34)

− 2
∑
k>j

=
[
U∗αkUβkUαjU

∗
βj

]
sin

(
∆m2

kjL

2E

)
.
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Comparing Equations 3.32 with Equation 3.34, we immediately see that they differ only
in the terms depending on the imaginary parts of the quartic products of the elements of
the mixing matrix:

ACPαβ (L,E) ≡ Pνα→νβ(L,E)− Pνα→νβ(L,E) (3.35)

= 4
∑
k>j

=
[
U∗αkUβkUαjU

∗
βj

]
sin

(
∆m2

kjL

2E

)
.

Neutrino oscillations can only violate CP symmetry if this term is non-zero. As a first
consequence, CP asymmetry can be measured only in the transitions between different
neutrino flavors, because for α = β the imaginary parts in Equation 3.35 vanish. And as
a second consequence, CP asymmetry can only occur if the following three conditions
are fulfilled (mathematical derivation in Ref. [10]):

1. The Dirac CP-violating phase δCP must be non-trivial, i.e. δCP 6= 0 and δCP 6= π.

2. All mixing angles must be non-vanishing: θ12 6= 0, θ13 6= 0 and θ23 6= 0.

3. All three phases ∆m2
kjL/4E must be appreciably different from zero.

The Majorana CP-violating phases are common to an entire column of the mixing matrix.
Consequently, neutrino oscillations are not sensitive to the Majorana phases as they cancel
in the quadric products of the elements of the mixing matrix. This cancellation has to
happen since the Majorana phases arise when a Majorana mass term that violates lepton
number conservation is included, while neutrino oscillations conserve lepton number. [6,
10]

So far, we only discussed neutrino oscillations in vacuum. Another effect that leads to
a different behavior of neutrinos and antineutrions arises when we look at how matter
affects neutrino oscillations.

3.5. Neutrino Oscillation in Matter
In 1978, L. Wolfenstein [69] discovered that neutrinos propagating in matter are subject
to a potential due to the coherent effect of elastic forward scattering with the electrons
and nucleons in the medium. This potential can be seen as an index of refraction for
neutrinos in matter that modifies the mixing of neutrinos. Interactions of neutrinos with
matter can proceed by the exchange of a Z0, resulting in the NC effective potentials:

V
Z
νee = Vνµe = Vντ e = −

√
2

2 GFNe , (3.36)

Vνep = Vνµp = Vντ p = +
√

2
2 GFNp , (3.37)

Vνen = Vνµn = Vντ n = −
√

2
2 GFNn . (3.38)
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In addition, the electron neutrino can also interact by the exchange of a W±, resulting
in a CC effective potential:

V
W
νee =

√
2GFNe , (3.39)

such that

Vνee = V
Z
νee + V

W
νee = −

√
2

2 GFNe +
√

2GFNe , (3.40)

where GF is the Fermi coupling constant and Ne , Np , Nn are the electron, proton and
neutron densities of the medium. Crucial for matter effects is the difference of the total
effective potentials between νe and νµ, ντ :

V ≡ Vνe − Vνµ = Vνe − Vντ =
√

2GFNe . (3.41)

It is also important to mention that for antineutrinos the effective potentials have a
reversed sign:

Vνα = −Vνα (α = e, p, n). (3.42)

The total NC effective potential is common to all neutrino flavors and therefore does
not change the flavor evolution, whereas the CC effective potential only affects electron
neutrinos and changes the evolution of νe ↔ νµ and νe ↔ ντ transitions. In other words,
the potential difference V can be seen as having the effect of shifting the squared mass
of the electron neutrino as follows:

Eν − V ' Eν + m2

2Eν
(3.43)

leading to

m2 → m2 + 2EνV. (3.44)

Quantitatively, the potential difference is equivalent to a shift in the mass splitting by

∆m2(νe) = +2EνV and ∆m2(νe) = −2EνV, (3.45)

such that electron neutrinos acquire effectively a larger squared mass and electron
antineutrinos acquire effectively a smaller squared mass. [10]
Let us consider the simple case of two-neutrino mixing in matter where νe is mixed

with νµ or ντ . Here, the mixing angle in vacuum gets replaced by an effective mixing
angle in matter θm, where

sin2 (2θm) = sin2 (2θ)
sin2 (2θ) + (cos (2θ)− ξ)2 with ξ = 2V E

∆m2 , (3.46)

28



3. Neutrino Theory

Figure 3.4.: Two-neutrino mixing in matter as a function of ξ = 2V E/∆m2, for three
different mixing angles θ0 in vacuum. For ξ → 0 the vacuum case recovers.
For ξ → ±∞ no mixing occurs and the neutrino flavor states appear as
pure matter eigenstates. The maximum mixing occurs at ξ = cos (2θ)
(θm becomes π/4), at the so-called Mikheyev-Smirnov-Wolfenstein (MSW)
resonance. [10]

and the effective mass becomes

∆m2
eff = ∆m2 ×

√
sin2 (2θ) + (cos (2θ)− ξ)2. (3.47)

Figure 3.4 shows the behavior of the effective mixing angle in matter as a function of
ξ = 2V E/∆m2 for three different mixing angles θ0 in vacuum. It is assumed that ∆m2 is
positive if the mixing angle θ can vary in the interval θ ∈ [0, π/2]. With this convention
ξ is always positive for neutrinos and always negative for antineutrinos. In Figure 3.4,
we see three particularly different regions:

1. ξ → 0: The low-density region recovers the vacuum case.

2. ξ → ±∞: For very high neutrino energies or at very high densities θm → π/2 for
neutrinos and θm → 0 for antineutrinos. That means no mixing occurs and that νe
(V>0) corresponds to ν2 while νe (V<0) corresponds to ν1.
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3. ξ = cos (2θ): Maximum mixing occurs as θm becomes π/4. This is the so-called
MSW resonance [69, 70]. The condition can be satisfied for neutrinos (ξ > 0) when
θ < π/4 and for antineutrinos (ξ < 0) when θ > π/4.

An interesting aspect is that the MSW resonance appears for neutrinos only if the lightest
mass state ν1 is predominantly a νe, i.e. ∆m2 > 0 which corresponds to NO. On the other
hand, the MSW resonance appears for antineutrinos only if ∆m2 < 0 which corresponds
to IO. [10]
As was illustrated, the presence of matter affects the effective mixing angles and

consequently the oscillations of neutrinos and antineutrinos in an opposite way depending
on the mass hierarchy. A neutrino oscillation experiment with a baseline as long as the
future DUNE can therefore probe the problem of neutrino mass hierarchy by comparing
the oscillation probabilities of neutrinos with the oscillation probabilities of the respective
antineutrinos. Following is a summary of all measured and unknown neutrino oscillation
parameters.

3.6. Summary of Measured and Unknown Parameters
Neutrino oscillation parameters and uncertainties are obtained by fitting a set of unknown
parameters, sometimes together with already known parameters, to the experimentally
measured data. So-called global analysis take the data of many different experiments into
account in order to obtain a combined and more profound fit result. Here, we are going to
summarize the results from a global fit including new data released at the Neutrino2020
conference performed by Esteban et al. [15]:

• The best fit of the global analysis disfavors IO at the 1.6σ level. Combined with
the latest atmospheric-data analysis from Super-Kamiokande, IO is disfavored at
the 2.7σ level.

• The best fit for the Dirac CP-violating phase it at δCP = 195◦. The CP-conserving
value of 180◦ is allowed at the 0.6σ level. Restricted to IO, the best fit for δCP is
close to maximal CP violation, with CP conservation being disfavored at ∼ 3σ.

• The mixing angles and mass splittings for NO (best fit) and IO are listed in
Table 3.2.
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Table 3.2.: Three-flavor neutrino oscillation parameters obtained from a global analysis
by Esteban et al. [15] including new data released at the Neutrino2020
conference. Note that ∆m2

3j ≡ ∆m2
31 > 0 for NO and ∆m2

3j ≡ ∆m2
32 < 0

for IO.

Parameter Normal Ordering (best fit) Inverted Ordering

θ12/
◦ 33.44+0.78

−0.75 33.45+0.78
−0.75

θ23/
◦ 49.0+1.1

−1.4 49.3+1.0
−1.2

θ13/
◦ 8.57+0.13

−0.12 8.61+0.12
−0.12

δCP/
◦ 195+51

−25 286+27
−32

∆m2
21

10−5 eV2 7.42+0.21
−0.20 7.42+0.21

−0.20

∆m2
3j

10−3 eV2 +2.541+0.028
−0.027 −2.497+0.028

−0.028

3.7. Long-Baseline Neutrino Detection
As mentioned earlier in this chapter, CP violation can be probed with long-baseline
experiments using beam neutrinos. And if the baseline is long enough, matter effects
can help to solve the neutrino mass hierarchy problem. Here, we will discuss the general
concept of long-baseline neutrino detection.

3.7.1. Beamline and Detectors
Long-baseline neutrino-oscillation experiments use beam neutrinos, that is an intense
beam of nearly pure νµ or νµ, which crosses a ND close to the beam source as well as a
FD at few hundred kilometers downstream of the beam source. The neutrino beam is
pointed towards the FD and therefore intersects with the Earth, which means that the
neutrinos are subject to non-negligible matter densities compared to vacuum on their way
to the FD. The neutrino energy E and the baseline L, i.e. the distance from the beam
source to the FD, are tuned such that L ' Losc. We already saw that beam neutrinos
are of the same nature as atmospheric neutrinos. Therefore, the mass splitting relevant
in long-baseline neutrino detection is ∆m2

3j ' 2.5× 10−3 eV2, such that Equation 3.21
becomes

Losc ' 1000 kmE(GeV). (3.48)

Near Detector

The ND is important to precisely measure the un-oscillated (anti)neutrino energy spectra
of the beam and to constrain systematic errors. Neutrino NDs are exposed to relatively
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high flux densities such that the detector dimensions are usually not driven by statistical
considerations but rather by the topological aspects of the neutrino interactions, e.g.
containment of the hadrons produced in neutrino interactions. But the high interaction
rates can also pose a problem if the mean interaction period is less than a typical readout
cycle of the detector. In that case, several neutrino interactions may overlap and need to
be disentangled before they can be used for analysis. We refer to this phenomenon, when
several neutrino interactions overlap, as event pile-up. Because of the low interaction
probability of neutrinos with matter, neutrino event pile-up has never happened in a
neutrino experiment before, but will be present in future experiments using high-intensity
neutrino beams. Ultimately, the ND measurements are used to predict the un-oscillated
energy spectra at the FD, which are sensitive to the oscillation parameters. Therefore, it
is important that the ND shares the same target nucleus with the FD in order to prevent
different cross sections and keep near-to-far predicted uncertainties as small as possible.

Far Detector

The FD measures interactions of the oscillated neutrino beam. Since beam neutrinos
are produced by particle decay in flight, neutrino beams suffer a relatively large angular
divergence, and consequently, the flux density at the FD is relatively low compared
to the flux density at the ND. On the other hand, the interaction cross-sections of
neutrinos are extremely small. Therefore, neutrino FDs are usually massive detectors
that contain several tens or hundreds of kilo tonnes of active target material in order to
acquire enough statistical significance within a few years of operation. The detectors are
preferably located a few 1000 m of water equivalent underground to mitigated cosmic-ray
backgrounds. Technically, the FD needs the ability to identify the flavor of the interacting
neutrinos in CC events, or identify the events as NC interactions. Furthermore, it needs
to measure the energy of the neutrinos since oscillations occur as a function of L/E.

3.7.2. Measurement Priciple
The neutrino being a neutrally charged lepton interacts with matter only by the weak
interaction and gravitation, the latter non-relevant if one considers the negligibly small
masses of the neutrinos. Consequently, the neutrinos can not be observed directly but
only the secondary particles that are produced in the neutrino interactions with matter
can be detected. Here, we are going to discuss the different channels of how neutrinos can
weakly interact with matter and how these interactions look like by means of secondary
particle topology. We will also see how the oscillation probabilities can be extracted from
the neutrino interaction rates.

Neutrino Nucleus Interaction

We already saw in Chapter 2 that neutrinos can interact weakly by either the exchange of
a W± boson, referred to as a CC interaction, or by the exchange of a Z0 boson, referred
to as an NC interaction. Let us assume that a neutrino ν` of any flavor (l = e, ν, τ )
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interacts with an atomic nucleus N . If the neutrino energy is below ∼ 1 GeV, then the
neutrino predominantly scatters off a single nucleon that is bound to the nucleus, and
the nucleon stays intact. In the NC cases,

ν` +N → ν` +N (3.49)
ν` +N → ν` +N, (3.50)

we simply refer to it as elastic scattering, while in the CC cases,

ν` + n → `− + p (3.51)
ν` + p → `+ + n, (3.52)

we refer to it as QE scattering or CC QE interaction, because of the kinematics similar
to an elastic collision. At higher transferred momenta, the nucleons can be excited to
resonant states which in turn decay inside the nucleus:

νµ + n → µ− + ∆+ → µ− + n + π+ (3.53)
νµ + n → µ+ + ∆− → µ+ + n + π−. (3.54)

We call these interactions Resonant (RES), where Equations 3.53 and 3.54 are only two
examples of many different possible RES interactions that can occur. These resonances
are very short-lived such that detectors usually only see the final state particles. At even
higher transferred momenta, the neutrino rather interacts with the quarks or partons
than single nucleons. Hadronization destroys the respective nucleon while the nucleus N
is changed or broken into a number of final fragments X:

ν` +N → ν` +X (3.55)
ν` +N → ν` +X. (3.56)

These highly inelastic interactions can occur by NC exchange, as shown above, as well as
by CC exchange, and are referred to as Deep Inelastic Scattering (DIS). The opposite
happens in the Coherent (COH) interaction. Here, the target nucleus stays in the ground
state and the transferred momentum ends in the creation of a third particle, for example
a neutral pion:

ν` + A → ν` + A+ π0 (3.57)
ν` + A → ν` + A+ π0. (3.58)

Another convention, referred to as npnh, classes CC interactions by the number of
nucleons (p) that take part in the interaction leaving a hole (h) in the nucleus. Accordingly,
1p1h corresponds to a CCQE interaction whereas in a 2p2h interaction a virtual meson
is exchanged inside the nucleus, also called Meson Exchange Current (MEC).
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Interactions With Shell Electrons

Neutrinos can interact in various ways with the shell electrons of atoms and molecules. A
muon is produced in the so-called inverse muon-decay, which is only possible for µ-type
neutrinos:

νµ + e− → µ− + νe (3.59)
νµ + e− → µ+ + νe. (3.60)

The threshold energy for that reaction is relatively high because of the big mass difference
between the electron and the muon, i.e. the squared four-momentum vector of the initial
state has to be greater than the squared mass of the muon:

(Eν +me)2 − p2
ν

= E2
ν + 2Eνme +m2

e − p2
ν (3.61)

' 2Eνme +m2
e ≥ m2

µ

where E, m and p are the energy, mass and momentum of the respective particles, and
the threshold energy becomes

Eν ≥
m2
µ −m2

e

2me
'

m2
µ

2me
= 10.92 GeV. (3.62)

Accordingly, inverse muon-decay is suppressed in long-baseline experiments unless they
operate at neutrino energies of tens of GeV. On the other hand, any flavor-type neutrino
can elastically scatter on electrons by NC exchange:

ν` + e− → ν` + e− (3.63)
ν` + e− → ν` + e−. (3.64)

Additionally, elastic scattering on electrons is possible for νe and νe by CC exchange as
well:

νe + e− → e− + νe (3.65)
νe + e− → e+ + νe. (3.66)

The flavor dependence of neutrino-electron elastic scattering causes the difference in
the total effective potentials in matter between electron flavor and muon/tauon flavor
neutrinos. This potential difference gives rise to the already mentioned matter effects
and reflects in different oscillation probabilities between neutrinos and antineutrinos.

Oscillation Measurement

Oscillation probabilities can not be measured by the FD directly. Instead, the neutrino
interaction rates for the different flavors are measured as a function of the reconstructed
neutrino energy at both the ND:

dNND
α

dErec
=
∫ ΦND

α (Eν)σα(Eν)
nND

TNDα (Eν , Erec) dEν (3.67)

34



3. Neutrino Theory

and the FD:
dNFD

α

dErec
=
∫ Pνβ→να(Eν) ΦFD

α (Eν)σα(Eν)
nFD

T FDα (Eν , Erec) dEν , (3.68)

where
• α, β = neutrino flavors

• Pνβ→να = oscillation probability

• N = event rate per target nucleus

• Eν = true neutrino energy

• Erec = reconstructed neutrino energy

• Φ = un-oscillated neutrino flux

• σ = neutrino interaction cross-section

• T = true-to-reconstructed neutrino energy transfer function

• n = number of target nuclei.
For simplicity, we assume that the target nucleus of the two detectors is identical. The
un-oscillated neutrino flux at the FD needs to be predicted by simulations and feeds into
the near-to-far flux ratio

R(Eν) =
ΦFD
α (Eν)nND

ΦND
α (Eν)nFD

, (3.69)

such that Equation 3.68 can be rewritten in terms of the flux measured at the ND:

dNFD
α

dErec
=
∫ R(Eν)Pνβ→να(Eν) ΦND

α (Eν)σα(Eν)
nND

T FDα (Eν , Erec) dEν . (3.70)

Naively thinking, the oscillation probability can now be resolved as the ratio between
Equations 3.70 and 3.67 weighted by the flux ratio:

dNFD
α

dErec

/
dNND

α

dErec
' R(Eν)Pνβ→να(Eν). (3.71)

However, as we will see in the next section, it is not possible to measure a pure near-to-far
flux ratio because many effects do not cancel trivially. Even though we assumed identical
target nuclei in the ND and the FD, the two detectors are not geometrically identical.
Consequently, they will have different true-to-reconstructed neutrino energy transfer
functions

TNDα (Eν , Erec) 6= T FDα (Eν , Erec) (3.72)

such that
dNFD

α

dErec

/
dNND

α

dErec
6= R(Eν)Pνβ→να(Eν). (3.73)
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3.7.3. Leading Uncertainties in Oscillation Measurements
We already saw that both the ND and FD need to measure the energy of the detected
neutrinos. The energy is reconstructed from observed quantities and consequently a
convolution of flux, cross section and detector response to the particles produced in the
neutrino interaction. Uncertainties that are correlated among the ND and FD do cancel
in the near-to-far predictions to a certain extent. Therefore, it is important to have the
same target nucleus in both detectors and detection techniques as similar as possible.
However, especially cross-section uncertainties and the detector response feed into the
non-diagonal true-to-reconstructed neutrino energy transfer function, which is different
for the ND and the FD. Therefore, it is an important task of the ND to provide the
information that can be used to independently constrain the systematic errors of the
flux, the cross section and the detector response. Following, we are going to characterize
each of those three components to see how they can be constrained by measurements
with the ND.

Flux

Neutrino flux uncertainties arise primarily from uncertainties in hadrons produced off
the target and uncertainties in the beam parameters, e.g. horn currents and horn and
target positioning. Hadron-production uncertainties dominate the absolute neutrino
fluxes while uncertainties in the beam parameters dominate the near-to-far flux ratios. [8]
Several techniques are used to constrain neutrino beam fluxes [22]:

• The total flux normalization and flux energy-spectrum or shape can be constrained
by measuring neutrinos scattering off atomic electrons. The cross section of neutrino-
electron elastic scattering can be calculated well because of its purely electroweak
nature. On one side, counting neutrino-electron scatters allows to normalize the
total neutrino flux. On the other side, the flux spectrum can be derived from the
final state of the electron which is related to the neutrino energy by

1− cos(θ) =
me(1− y)

Ee
, (3.74)

where θ is the angle between the incoming neutrino and the electron, me and Ee are
the mass and the total energy of the electron and y is the fraction of the neutrino
energy transferred to the electron.

• The νµ and νµ flux shapes can be constrained by the so-called low-ν scattering
process, where low-ν refers to a low energy transfer between the neutrino and the
target nucleus. Crucial for this method is that the CC inclusive3 cross section of
neutrinos does not depend on the neutrino energy in the limit where the energy
transferred to the nucleus approaches zero (i.e. is less than a few 100 MeV). In

3Neutrino interaction cross-sections are called inclusive if any type and number of secondary particles
aside the principle outgoing lepton are allowed.
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that limit, the interaction rate is proportional to the flux and the flux shape can
be derived by measuring the rate as a function of neutrino energy.

• Electron-neutrino contamination is an irreducible background in long-baseline
neutrino oscillation experiments. The νe/νµ flux ratio can be constrained by beam
simulations or by measurements requiring cross section universality.

Cross Section

Neutrino cross sections are modeled with neutrino interaction generators, such as GENIE,
NuWro and NEUT. These generators try to model the various interaction channels that
contribute to the total cross sections, which poses a highly non-trivial problem if the
neutrino interacts with an atomic nucleus composed of several nucleons. Simply speaking,
the neutrino-nucleus scattering process is usually factorized into an incoherent sum
of hard scattering neutrino interactions with the single nucleons in the nucleus, and
the effects of the nucleus are implemented as initial-state effects and FSI. Initial-state
effects are related to the momentum and position distribution of the nucleons inside the
nucleus, whereas FSI refers to the propagation and interaction of hadrons produced in
the nucleon interaction through the nucleus. The nuclear system can carry away up to
hundreds of MeV/c in the form of one or more heavy, non-relativistic particles. These
particles typically carry off very little kinetic energy and consequently are invisible to
the detector. [8]

The dominant uncertainties introduced by neutrino interaction generators (taken from
Ref. [8]) are:

• initial state uncertainties

• hard scattering uncertainties and nuclear effects to the QE process

• hard scattering uncertainties in multi-nucleon (2p2h) processes

• hard scattering uncertainties in pion-production processes

• FSI uncertainties

• neutrino flavor dependent uncertainties

These uncertainties can be constrained by cross section measurements performed with
the ND. In doing so, it is important that the target nucleus in the ND is the same as
in the FD because neutrino interaction processes depend on the nuclear system of the
target.
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Detector

Neutrino detectors need the abilities to reconstruct the neutrino energy and identify the
neutrino flavor in case of a CC interaction, or categorize the interaction as NC.

A neutrino CC QE interaction with a single-nucleon target follows two-body kinematics,
and the neutrino energy can be reconstructed from the lepton angle and energy regardless
of whether the nucleon is observed or not. That does not apply for multi-nucleon targets
because of the unknown initial state of the nucleus and FSI. Here, the calorimetric
method is needed to reconstruct the neutrino energy, i.e. all energies carried away by
particles produced in the neutrino interaction need to be measured and summed up.
Initial-state effects and FSI pose a big problem for calorimetry because they can not
be identified by the detectors. Also neutral particles that carry away big amounts of
energy from the vertex and stay undetected introduce serious errors to the reconstructed
neutrino energy. These types of errors can be constrained by the true-to-reconstructed
neutrino energy transfer function which is determined from detector simulations and
unique to each detector. Obviously, these uncertainties do not cancel trivially in the
near-to-far predictions because the ND is smaller and consists of more subsystems than
the FD in order to fulfill its various tasks.

Another type of errors arises from the mis-identification of the interaction type, either
by wrong reconstruction or by backgrounds. The same detection methods in the ND
and the FD can help to mitigate interaction mis-identification because a bias in the
identification efficiency as a function of neutrino energy will cancel between the two
detectors. On the other hand, due to similarity, backgrounds characterized by the ND
can be used to constrain backgrounds at the FD. [22]

3.8. Next-Generation Long-Baseline Neutrino
Experiments

Now, that we learned about the design, working principle and difficulties of long-baseline
neutrino-oscillation experiments, we are going to have a look at the two big next-
generation long-baseline neutrino-oscillation experiments planned for the future. The
first experiment is Hyper-K in Japan, the successor of the T2K experiment, and the
second experiment is the new Deep Underground Neutrino Experiment (DUNE) in the
USA.

3.8.1. Hyper-KamiokaNDE
Hyper-K is designed as a large-scale water C̆erenkov neutrino detector. The 60 m tall,
cylindrical tank with a diameter of 74 m contains 258 kt of highly transparent, purified
water. The inner segment of the tank, referred to as Inner Detector, reflects the main
active volume and is instrumented with 40 000 inward-facing 50 cm � photo sensors. The
outer segment is called Outer Detector and monitored by 6700 outward-facing 20 cm �
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photo sensors. This part will be used as a veto for entering particles, such as cosmic ray
muons. [21]
Hyper-K will be hosted by the Tochibora mine near Kamioka town, about 295 km

away from the J-PARC in Tokai, Japan. The detector will be placed at a depth of 650 m
and will be the largest underground water C̆erenkov detector in the world. New near
detectors are considered to measure the un-oscillated beam in order to predict event rates
at Hyper-K and to constrain systematic uncertainties. The existing proton accelerator at
J-PARC will be steadily upgraded to reach a 1 MW-beam. [21]

The Hyper-K technical design is illustrated in Figure 3.5. The cylindrical tank is 60 m

Figure 3.5.: The Hyper-K technical design. The cylindrical tank is 60 m tall and 74 m
wide, and filled with 258 kt of highly transparent purified water (dimensions
from Ref. [21]). 40 000 photo sensors with a diameter of 50 cm are facing
the Inner Detector, and 6700 photo sensors with a diameter of 20 cm are
facing the Outer Detector. [71]
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