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In this lecture, I start with presenting the history of the neutrino from its invention to what we have
discovered about its properties till now. I explain how we can observe neutrinos produced both
naturally and artificially. Naturally produced neutrinos come to the Earth from the Sun, supernovae,
collisions of cosmic rays with nuclei in the atmosphere, natural radioactivity, etc. On the other hand,
those produced in accelerators and nuclear reactors are the examples of artificial neutrinos. I also
illustrate what neutrino oscillations are and how such phenomena could be observed from various
experiments to detect neutrinos produced in the aforementioned ways. Thanks to the discovery of
neutrino oscillations, we are forced to modify the Standard Model, so as to accommodate the masses
of neutrinos and lepton flavor mixing, which are essential to make neutrino flavor change. In fact,
neutrinos can come in three different flavors, electron, muon and tau, and can change from one flavor
to another. The origin of the tiny neutrino masses is still unknown, although we now know a few
nice mechanisms capable of generating them. The generation of neutrino masses signifies physics
beyond the Standard Model and can, therefore, be related to some of the unresolved fundamental
issues, such as the origin of flavors, the unification of forces, the matter-antimatter asymmetry, etc.
Some physicists believe that CP violation in neutrinos may be a missing piece in the understanding
of the origin of the matter-antimatter asymmetry. I pedagogically explain how we can probe CP
violation through neutrino oscillation experiments.

1 Introduction

1998 is the historic year in which neutrinos aroused great interest among not only physicists but also the
public. The Super-Kamiokande (SK) Collaboration announced the first evidence of neutrino oscillations
in that year [1]. This was the first experimental observation supporting the theory that the neutrino has
non-zero mass, a possibility that theorists had speculated about for years. The discovery of neutrino
oscillations was expected to bring fundamental changes to our knowledge of physics and astronomy.
Though, many more discoveries about neutrinos have yet to be made.

1.1 Advent of neutrinos

Neutrinos were postulated by Pauli in 1930 to resolve the puzzle of the electron energy spectrum ob-
served in beta decays, which show a continuous distribution instead of all electrons having the same
energy. It seemed to contradict the principle of the conservation of energy. The puzzle can be solved if
another unseen particle is emitted along with the electron in beta decay. Pauli originally called this parti-
cle the “neutron”, but it was renamed the “neutrino” by Fermi in 1933. After the discovery of the neutron
by Chadwick in 1932 [2], Fermi developed the theory of beta decay by proposing that four fermions di-
rectly interact with one another at one vertex [3]. By this interaction, the neutron decays directly to a
proton, an electron and the proposed neutrino (what we now know to be an electron-antineutrino). The
theory developed by Fermi, which proved to be successful, was the precursor to the theory of the weak
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interaction. Fermi first submitted his “tentative” theory of beta decay to the journal Nature, which re-
jected it “because it contained speculations too remote from reality to be of interest to the reader” [4].
Later, Nature admitted the rejection to be one of the great editorial blunders in its history.

1.2 Discovery of neutrinos

Neutrinos were first discovered by Reines and Cowan in 1956, who conducted the experiment to observe
neutrinos through inverse beta decay (⌫̄e + p ! n + e+) by using neutrinos from the Savannah River
nuclear reactor [5]. In 1962, Lederman, Schwartz and Steinberger discovered a second neutrino by
proving that the “muon” appeared to be accompanied by a neutrino that should be different from the
neutrino appearing in beta decays [6]. The third generation charged lepton, called the “tau” lepton, has
been discovered by Perl in 1975 [7]. As soon as the discovery of the tau lepton was announced, particle
physicists speculated from experience that it would have a neutrino partner, the tau neutrino. It remained
elusive until July 2000, when the DONUT experiment from Fermilab announced its discovery [8]. These
three species of neutrinos are named electron-neutrino (⌫e), muon-neutrino (⌫µ) and tau-neutrino (⌫⌧ ),
associated to the charged leptons electron, muon and tau, respectively. Thanks to those experiments,
the Standard Model (SM) of particle physics has been established to have six leptons consisting of three
families, similarly to the quark sector.

1.3 Neutrinos in the Standard Model

In the SM, neutrinos are the only massless particles. There are exactly three neutrinos, one for each of the
three charged leptons, as explained before and as confirmed by the observation of e+ + e� ! Z0 ! ff̄

at LEP experiments, with N⌫ =
�inv
�⌫⌫̄

= 2.984±0.008 [10]. All neutrinos are left-handed and all antineu-
trinos are right-handed in the SM. Since there are no right-handed (left-handed) neutrinos (antineutrinos),
neutrinos have no mass. In the SM, neutrinos interact with matter only through weak interactions, which
occur in two types, charged-current (CC) interactions and neutral-current (NC) interactions. The CC
interactions occur through the exchange of a W±, where the neutrino converts into the corresponding
charged lepton (e.g. inverse beta decay, ⌫̄e + p ! n + e+). The NC interactions occur through the ex-
change of a Z0, where the neutrino remains a neutrino, but transfers energy and momentum to whatever
it interacted with.

2 Detection of neutrinos

2.1 Neutrino sources

Neutrinos are produced in the stars, the sky, nuclear reactors, human bodies, and even food like bananas.
When we consider scientific research, there are several interesting sources that can help physicists study
neutrinos: the sun, the atmosphere, reactors, accelerators, earth, the Big Bang, Supernovae, Extragalatic
sources, etc. Huge numbers of neutrinos (about 1020 per second) are emitted in nuclear reactors, and
also artificially produced in man-made accelerators delivering intense neutrino beams. But the main
source of neutrinos is the Universe itself. The relic neutrinos from the Big Bang have been wandering
for more than 13.6 billion years, with a density of 330 per cm3 everywhere. Starting with the fusion of
two protons, nuclear reactions in the core of the Sun produce about 2⇥10

38 ⌫e per second, which means

48



NEUTRINO PHYSICS

65 billions of neutrinos per second per cm2 on Earth. Supernova explosions emit about 1058 neutrinos in
a few seconds and the central engines of active galactic nuclei produce them abundantly.

2.2 How to detect neutrinos

Neutrinos rarely interact with ordinary matter, so they are very hard to detect. We can only detect
the presence of a neutrino in our laboratory when it interacts through CC or NC interactions. Since a
neutrino turns into its partner lepton via a CC interaction, the detection of a charged lepton is considered
as a sign of a neutrino event. But, if the neutrino does not have sufficient energy to create its partner
lepton, CC interaction is effectively unavailable to it. The neutrino enters and then leaves the detector
after having transferred some of its energy and momentum to a target particle via NC interactions. The
by-product created by the target particle hit by the neutrino is considered as a sign of a neutrino event.
All three neutrinos can participate in NC interactions, regardless of the neutrino energy. In principle,
CC interactions are easier to work with, because electrons and muons have characteristic signatures in
particle detectors and are thus fairly easy to identify. They also have the advantage that they “flavor-tag”
the neutrino. Various different detector technologies have been used in neutrino experiments over the
years, depending on the requirements of the particular study. Among them, the following three are the
most popular ones widely used.

– Radiochemical experiments: The lowest energy thresholds are provided by radiochemical exper-
iments, in which the neutrino is captured by an atom which then (through inverse beta decay, a CC)
converts into another element. The classic example is the chlorine solar neutrino experiment. Even
lower thresholds were achieved by using gallium as the target: the reaction 71Ga+⌫ ! 71Ge+e�

has a threshold of only 0.233 MeV, and is even sensitive to pp neutrinos from the Sun. The pro-
duced isotope is unstable, and will decay back to the original element: neutrinos are counted by
extracting the product and observing these decays. Examples of radiochemical experiments are
Homestake (Ray Davis; chlorine); SAGE (gallium); GALLEX/GNO (gallium).

– Liquid scintillator (LS) experiments: LS has an impressive pedigree as neutrino detectors, since
the neutrino was originally discovered using a LS detector. They are primarily sensitive to ⌫̄e’s,
which initiate inverse beta decay of a proton. Being organic compounds, LS is rich in hydrogen
nuclei which act as targets for this reaction. The positron promptly annihilates, producing two
gamma rays; the neutron is captured on a nucleus after a short time (a few microseconds to a
few hundred microseconds), producing another gamma-ray signal. This coincidence of a prompt
signal and a delayed signal allows the experiment to reject background effectively. LS detectors
have good time and energy resolution, but do not preserve directional information. Examples of
LS experiments are Borexino, KamLAND, MiniBooNE and SNO+.

– Water Cherenkov experiments: A particle travelling through a transparent medium at faster than
the speed of light in that medium emits a kind of “light boom” – a coherent cone of blue light
known as Cherenkov radiation. The particle is travelling down the axis of the cone, so if the cone
can be reconstructed the direction of the particle can be measured. In a water Cherenkov detector,
the Cherenkov radiation is detected, usually by photomultiplier tubes, and the cone of emission
reconstructed. The axis of the cone gives the direction of the particle, and the light yield gives the
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particle energy. Only charged particles with � > 1/n can be detected, which gives a threshold total
energy of about 0.8 MeV for electrons, 160 MeV for muons and 1.4 GeV for protons and neutrons.
Neutrinos are detected in the detectors when they interact by W exchange, converting into muon
or electron for ⌫µ or ⌫e respectively, or when they elastically scatter off electrons (when the recoil
electron can be detected). Examples of densely instrumented water Cherenkov experiments are
SK, far detector for the K2K and T2K experiments, and IMB.

3 Neutrino oscillation

3.1 History of neutrino oscillation

The idea of neutrino oscillation was first put forward in 1957 by Bruno Pontecorvo, who proposed that
neutrino–antineutrino transitions may occur in analogy with neutral kaon mixing [11]. Although such
a matter–antimatter oscillation had not been observed, this idea formed the conceptual foundation for
the quantitative theory of neutrino flavor oscillation, which was first developed by Maki, Nakagawa, and
Sakata (MNS) in 1962 [12] and further elaborated by Pontecorvo in 1967 [13], who developed the mod-
ern theory of neutrino oscillation in vacuum where the new ingredient is the mixing of different families
of neutrinos introduced by MNS. One year later the solar neutrino deficit was first observed in Homes-
take in 1968 [14], and that was followed by the paper by Gribov and Pontecorvo published in 1969 [15].
Atmospheric neutrino experiments, IMB [17] and Kamiokande-II [18], found an anomaly in the ratio of
the flux of muon to electron neutrinos. The SK reported the first evidence of the atmospheric neutrino
oscillations in 1998 [1], and SNO experiments provided clear evidence of solar neutrino oscillations in
2001 [16]. Thanks to the discovery of neutrino oscillations, Kajita (SK) and McDonald (SNO) received
the Nobel prize in 2015.

3.2 Neutrino mixing

To understand what neutrino oscillation is and how it occurs, we need to discriminate two kinds of
neutrino quantum eigenstates: one is the flavor eigenstate and the other is the mass eigenstate. Flavor
eigenstates, denoted by (⌫e, ⌫µ, ⌫⌧ ), are the quantum states produced or detected via weak interactions
together with charged leptons with the same flavor (e, µ, ⌧). Mass eigenstates, denoted by (⌫1, ⌫2, ⌫3),
are the states of definite masses that are created by the interactions with Higgs boson or other mecha-
nisms. The mismatch between flavor states and mass states of neutrinos gives rise to neutrino mixing.
Then, a specific flavor state of a neutrino is given by a superposition of three mass eigenstates having
definite masses, written as

⌫l =
NX

i=1

Uli⌫i , (1)

where l = e, µ, ⌧ and i = 1, 2, 3, and Uli denotes a 3 ⇥ 3 unitary matrix, the so-called Pontecorvo–
Maki–Nakagawa–Sakita mixing matrix. The neutrino mixing elements mean how much each flavor can
contribute to the composition of each mass states, and how much each flavor is accompanied by a certain
mass eigenstate in the weak interaction. The 3 ⇥ 3 unitary mixing matrix is generally represented by 3
mixing angles and 6 phases. However, not all phases are physical observables. Let us see how many
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phases are physical by assuming neutrinos are Dirac particles. Under global phase transformations of
the leptons, neutrinos (⌫k) and charged leptons (l↵) are transformed as ⌫k ! ei'k⌫k (k = 1, 2, 3) and
l↵ ! ei'↵ l↵ (↵ = e, µ, ⌧). Then, the terms of the Lagrangian for the CC interactions in the mass basis,
Lcc =

gp
2
⌫kU †�µl↵W+

µ , become

3X

k=1

X

↵=e,µ,⌧

⌫kLe
�i'kU⇤

↵k
ei'↵�⇢l↵L ) e�i('1�'e)

3X

k=1

X

↵=e,µ,⌧

⌫kLe
�i('k�'1)U⇤

↵k
ei('↵�'e)�⇢l↵L . (2)

In the right-handed side of Eq. (2), 5 phases can be eliminated by redefining lepton fields. Finally, we
see that the 3 ⇥ 3 unitary mixing matrix can be expressed in terms of 3 mixing angles and 1 phase. In
the standard parameterization, the lepton mixing matrix can be expressed as

U =

0

B@
1 0 0

0 c23 s23

0 �s23 c23

1

CA

0

B@
c13 0 s13e�i�

0 1 0

�s13ei� 0 c13

1

CA

0

B@
c12 s12 0

�s12 c12 0

0 0 1

1

CA

=

0

B@
c12c13 s12c13 s13e�i�CP

�s12c23 � c12s23s13ei�CP c12c23 � s12s23s13ei�CP s23c13

s12s23 � c12c23s13ei�CP �c12s23 � s12c23s13ei�CP c23c13

1

CA ,

(3)

where cij and sij denote cos ✓ij and sin ✓ij , respectively, and �CP is a Dirac CP violating phase. If
neutrinos are Majorana particles, then there exist two extra CP violating phases. As will be shown
later, the mixing angles ✓23, ✓12 and ✓13 are associated with oscillations of atmospheric neutrinos, solar
neutrinos and reactor neutrinos, respectively.

3.3 Neutrino oscillations in vacuum

Neutrino oscillations are quantum mechanical phenomena where flavor and mass eigenstates mis-
match. Then, flavor eigenstates of neutrinos are superpositions of mass eigenstates, written as |⌫↵i =
P

k
U↵k|⌫ki with ↵ = (e, µ, ⌧), k = (1, 2, 3). The time evolution of flavor eigenstates is given by

|⌫↵(t, x)i =
X

k

U↵ke
�i(Ekt+pkx)|⌫ki =

X

�

 
X

k

U↵ke
�i(Ekt+pkx)U⇤

�k

!
|⌫�i

=

X

�

A⌫↵!⌫� (t, x)|⌫�i ,

(4)

where A⌫↵!⌫� (t, x) denotes the amplitude of the neutrino flavor transition and Ek, pk are neutrino en-
ergy and momentum. From Eq. (4), one can easily obtain the probability of the neutrino flavor transition,

P⌫↵!⌫� (t, x) =
��A⌫↵!⌫� (t, x)

��2 =

�����
X

k

U↵ke
�i(Ekt+pkx)U⇤

�k

�����

2

. (5)
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In natural units, t = x, we can make an approximation as follows:

Ekt� pkx ' (Ek � pk)L =
E2

k
� p2

k

Ek + pk
L =

m2
k

Ek + pk
L '

m2
k

2E
L , (6)

where L is the distance of neutrino propagation. Then, the probability is given by

P⌫↵!⌫� (t, x) =

�����
X

k

U↵ke
�im

2
kL/2EU⇤

�k

�����

2

=

X

k,j

U↵kU
⇤
�k
U↵jU

⇤
�j
Exp

 
�i

�m2
kj
L

2E

!
, (7)

where �m2
kj

⌘ m2
k
�m2

j
.

As an example, let us consider the two-flavor oscillation with ⌫e and ⌫µ, for which the states produced
and detected are supposedly |⌫µi = � sin ✓|⌫1i+cos ✓|⌫2i and |⌫ei = cos ✓|⌫1i+sin ✓|⌫2i, respectively.
For this case, the transition (appearance) probability is given by

P⌫µ!⌫e(L,E) = 2 sin
2 ✓ cos2 ✓

✓
1� cos

✓
�m2

21L

2E

◆◆
= sin

2
2✓ sin2

✓
�m2

21L

4E

◆
. (8)

In the above expression, there are two fundamental parameters, ✓ and �m2
21, which are determined

from neutrino oscillation experiments for given L and E. The neutrino oscillation length is defined by
Losc ⌘ 4⇡E

�m2 . The so-called survival (disappearance) probability is given by

P⌫µ!⌫µ(L,E) = 1� P⌫µ!⌫e(L,E) = 1� sin
2
2✓ sin2

✓
�m2

21L

4E

◆
. (9)

Figure 1 shows how the transition probability evolves along with L/E. The maximum height of the

Fig. 1: Plot of the transition probability P⌫↵!⌫� (L,E) in terms of L/E (figure taken from Ref. [19]).

curve corresponds to sin
2
2✓, and the horizontal distance between the first and second peak is 4⇡/�m2.

At very long distances, it is averaged out to be half of the maximum height.
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Extending to the three-flavor paradigm, the probability of neutrino oscillation is given explicitly by

P⌫↵!⌫� = �↵� � 4

3X

i<j

Re(U↵iU�iU
⇤
↵jU

⇤
�j
) sin

2

 
�m2

ji
L

2E

!

| {z }
CP conserving part: = P

CPC
⌫↵!⌫�

+ 2

3X

i<j

Im(U↵iU�iU
⇤
↵jU

⇤
�j
) sin

 
�m2

ji
L

2E

!

| {z }
CP violating part : = P

CPV
⌫↵!⌫�

,

(10)

where the first two terms correspond to the CP conserving part (⌘ PCPC
⌫↵!⌫�

), whereas the last one to the

CP violating part (⌘ PCPV
⌫↵!⌫�

= 8J
P

�
✏↵�� sin

�m
2
21L

4E sin
�m

2
31L

4E sin
�m

2
32L

4E ). In the limit that �m2
21 =

�m2
sol ⌧ |�m2

atm| = |�m2
31| ' |�m2

32|, the survival and transition probabilities are approximately
given by

P⌫↵!⌫↵ ' 1� 4|U↵1|2|U↵2|2 sin2
✓
�m2

21L

4E

◆
� 4(1� |U↵3|2)|U↵3|2 sin2

✓
�m2

31L

4E

◆
,

P⌫↵!⌫� ' �4(U↵1U�1U
⇤
↵2U

⇤
�2) sin

2

✓
�m2

21L

4E

◆
+ 4|U↵3|2|U�3|2 sin2

✓
�m2

31L

4E

◆
.

(11)

In addition, since the mixing angle ✓13 is small compared with the two others, |Ue3|2 ⌧ |Ue1|2, |Ue2|2,
and Ue1 ' cos ✓12, Ue2 ' sin ✓12. Adopting those approximations, the electron neutrino survival proba-
bility is simply given by

P⌫e!⌫e ' 1� sin
2
2✓12 sin

2

✓
�m2

21L

4E

◆
. (12)

This result shows that the effect of solar neutrino oscillations is decoupled from that of atmospheric
neutrino oscillations. So, the formula (12) is good at probing solar neutrinos. On the other hand, in the
case that we can ignore the oscillating terms involving �m2

21, the oscillation probabilities are given by

P⌫↵!⌫↵ ' 1� 4(1� |U↵3|2)|U↵3|2 sin2
✓
�m2

31L

4E

◆
,

P⌫↵!⌫� ' 4|U↵3|2|U�3|2 sin2
✓
�m2

31L

4E

◆
.

(13)

These expressions are relevant to the atmospheric and short baseline reactor neutrino experiments.

3.4 Neutrino oscillations in matter

Wolfenstein for the first time studied a matter effect that may convert the flavor of a neutrino into another
one [20]. When neutrinos pass through matter, they experience forward scattering, mostly from electrons
they encounter along the way, which represents a contribution to the Hamiltonian with a potential pro-
portional to the density of electrons in matter. Similarly to optics, the net effect of this coherent elastic
scattering is the appearance of a phase difference, a refractive index, or equivalently, a neutrino effective
mass. As a result, the oscillation probability can be rather different from that in vacuum. For the case of
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the two-flavor scenario, the 2⇥ 2 Hamiltonian in matter is given by

HM = Hvac +

 
Ve 0

0 Vµ

!
=

 
V 0

0 0

!
+ �00I , (14)

where V↵(=e,µ) denotes the potential energy associated with ⌫↵ and the term proportional to the unit
matrix I is irrelevant for flavor evolution. V is defined by Ve � Vµ =

p
2GFNe, where GF and Ne are

the Fermi constant and electron number density in matter, respectively. Hvac is given by

Hvac =
�m2

4E

 
� cos 2✓ sin 2✓

sin 2✓ cos 2✓

!
, (15)

where we have used p ' E, with E being the average energy of the neutrinos. If Ne is constant,
diagonalizing HM leads us to modifications of the mixing angle and of the mass-squared difference,
denoted by ✓M and �m2

M
, respectively. The explicit forms of ✓M and �m2

M
are given as

tan 2✓M =
tan 2✓

1� ACC
�m2 cos 2✓

,

�m2
M =

p
(�m2 cos 2✓ �ACC)

2 + (�m2 sin 2✓)2 ,

(16)

where ACC = 2
p
2GFNeE and (✓,�m2

) are the parameters in vacuum. Such a modification of the
parameters in matter leads to a shift of the mass eigenstates, which are related to flavor eigenstates as
follows:

|⌫ei = cos ✓M |⌫1mi+ sin ✓M |⌫2mi ,

|⌫µi = � sin ✓M |⌫1mi+ cos ✓M |⌫2mi ,
(17)

where |⌫imi denotes the mass eigenstate in matter. Mikheyev and Smirnov found that when ACC =

�m2
cos 2✓, resonance occurs and neutrino mixing becomes maximal, with ✓M = ⇡/4 [21]. In a

medium with constant density, there is no transition between ⌫1m and ⌫2m, which are the eigenstates
of propagation, so oscillation probability is simply given by P⌫e!⌫µ ' sin

2
2✓M sin

⇣
�m

2
ML

4E

⌘
, which is

similar to the probability in vacuum.

In case that matter density varies with time, it is hard to solve the time-dependent Schrödinger equa-
tions for neutrinos analytically. In this case, ⌫1m and ⌫2m are not propagation eigenstates any longer
and transition between them occurs. Let us suppose that ⌫e is produced in matter and detected later in
vacuum. Then, the flavor eigenstates in the production and detection are given by

production : |⌫ei = cos ✓M |⌫1mi+ sin ✓M |⌫2mi ,

detection : |⌫e(x)i = cos ✓|⌫1(x)i+ sin ✓|⌫2(x)i .
(18)

Neglecting the interference term, the average survival (appearance) probability is given by [22]

P̄⌫e!⌫µ(x) =
1

2
+

✓
1

2
� Pc

◆
cos 2✓M cos 2✓ , (19)
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where Pc represents the transition probability between ⌫1m and ⌫2m. An interesting limit exists, which
is called “adiabatic limit”, where the time evolution of the neutrino state is sufficiently slow, and then
each state evolves independently and transitions between ⌫1m and ⌫2m can be neglected. In the adiabatic
limit, Pc = 0 and then the probability P̄⌫e!⌫µ becomes

P̄⌫e!⌫µ(x) = cos
2 ✓ cos2 ✓M + sin

2 ✓ sin2 ✓M . (20)

There are two interesting limits. In the limit that �m2/2E ⌧
p
2GFNe, ✓M goes to ⇡/2 and then the

probability becomes P̄⌫e!⌫µ ' sin
2 ✓. In the limit that �m2/2E �

p
2GFNe, ✓M goes to the vacuum

angle and then the probability becomes P̄⌫e!⌫µ ' 1� 1
2 sin

2
2✓. These results are useful to interpret the

flux deficits of solar neutrinos observed at various experiments, as will be discussed later.

4 Neutrino experiments

4.1 Atmospheric neutrino experiments

Neutrino oscillation was discovered for the first time through the studies of atmospheric neutrinos, which
are produced by cosmic-ray interactions with nuclei in the atmosphere. Electron-neutrinos and muon-
neutrinos are produced mainly by the decay chain of charged pions to muons and to electrons. The event
ratio of ⌫µ to ⌫e, Rµ/e = (N⌫µ + N⌫̄µ)/(N⌫e + N⌫̄e), is expected to be nearly 2 below about 1 GeV,
based on the calculations of neutrino fluxes produced from interactions in the atmosphere, as shown in
Ref. [23]. Above this energy, the ratio increases due to the increasing probability of muons reaching
the ground before their decay. So, whether the ratio remains 2 in the detection of atmospheric neutrinos
or not is a good indicator for neutrino oscillation. In early-stage experiments such as Soudan 2 [24],
IMB [17] and Kamiokande [18], a deficit of Rµ/e was observed, but it was unclear whether this was
due to neutrino oscillations or not. Another important hint toward the understanding of the atmospheric
neutrino flux deficit was given in Ref. [25]. The atmospheric neutrinos enter the spherical Earth at a point

Fig. 2: Schematic figure of the production of atmospheric neutrinos (left) and a neutrino trajectory that
enters a spherical Earth with a zenith angle ✓down and exits with ✓up (right). These figures are taken from
Ref. [26].
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with a zenith angle ✓down and should exit the Earth at a point with ✓up. Obviously, ✓down and ✓up are
related by ✓down = ⇡ � ✓up, as can be seen in Fig. 2. Since cosmic rays enter into the atmosphere with
approximately equal rate in every position in the Earth, the numbers of downward-going and upward-
going neutrinos must be the same. Thus the flux is expected to be up-down symmetric. The Kamiokande
data [18] showed that the deficit of µ-like events depended on the zenith angle, but with relatively poor
event statistics.

In 1996, a much larger detector, SK, started taking data. The SK experiment used a 50 kt water
Cherenkov detector, and has obtained data with substantially improved statistics in 1998. The events
observed in SK are classified by 4 types. Events where vertex positions are located inside the fiducial
volume of the detector and all visible secondary particles stop in the detector are called “fully-contained”
(FC) events. The “partially-contained” (PC) events are ⌫µ events with multi-GeV neutrino energies,
producing energetic muons which do not stop in the detector. High-energy ⌫µ interactions in the rock
below the detector produce high-energy muons, which enter into the detector. Some of them stop in the
detector and are called “upward stopping muons”, others penetrate through the detector and are called
“upward through-going muons”. Figure 3 shows several plots of zenith angle dependence for the results

Fig. 3: Zenith angle distributions of µ- and e-like events at sub-GeV and multi-GeV scales from the SK
92 kt·year data for various data samples [26]. cos ✓ = 1(�1) corresponds to down(up)-going. The solid-
line histograms show the prediction without neutrino oscillations. The dashed-line histograms show the
prediction with oscillation (⌫µ ! ⌫⌧ ) for �m2

32 = 2.1⇥ 10
�3

eV
2 and sin

2
2✓23 = 1.0.

obtained by SK [26]. From the results, we see that the deficit of upward-going µ-like events depends
on the zenith angle in the multi-GeV energy range, the ⌫µ to ⌫e event ratio is smaller than what was
expected, the ratio of upward-going stopping/through-going muons is smaller than what was expected,
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and the zenith angle distribution for the upward through-going muons is distorted. These results represent
an evidence of the neutrino oscillation for which muon-neutrinos convert to other flavors of neutrinos
through their flight inside the Earth.

According to the neutrino oscillation formulae, the neutrino survival probability should follow the
sinusoidal function. The ⌫µ survival probability should have a minimum at a certain L/E value, come
back to unity after traveling twice the distance, and continue oscillating. Using high L/E resolution
events only, SK found that the ⌫µ survival probability shows a dip at a position corresponding to the first
minimum of the survival probability. Figure 4 shows the updated plot based on the 220 kt·yrs data of

Fig. 4: The ratio of data to MC events without oscillation as a function of the reconstructed L/E, together
with the best-fit 3-flavor expectation for neutrino oscillation and two alternative hypotheses with similar
shape. The dashed (blue) and dotted (green) lines show the best-fit expectations for neutrino decay and
neutrino decoherence, respectively. Figure taken from Ref. [27].

SK-I through SK-IV [27]. This was the first evidence that the ⌫µ survival probability is represented by a
sinusoidal function as predicted by neutrino oscillations. In Fig. 4, the expected ⌫µ survival probabilities
by neutrino oscillations as well as those from alternative models, which were able to explain the zenith
angle distributions, are shown with the detector L/E resolution taken into account. It is clear that
the alternative models cannot reproduce the dip seen near L/E = 500 km/GeV. Thanks to this result,
alternative hypotheses for the atmospheric neutrino flux deficit, such as neutrino decay (blue dashed) and
neutrino decoherence (green dotted), are ruled out.

Figure 5 shows the allowed regions of neutrino oscillation parameters (�m2, sin2 2✓) at 68% (dashed
curves) and 90% (solid curves) C.L. from several experiments [27]. The thick-black and thick-gray
curves represent the allowed regions based, respectively, on the zenith angle analysis and the L/E anal-
yses in SK. Results from K2K (thin-gray) and MINOS (thin-black) experiments are plotted. The mixing
angle is consistent with the maximum mixing (sin

2
2✓ = 1.0). These parameters are much more accu-

rately measured compared with those in 1998.
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Fig. 5: Allowed regions of (�m2 and sin
2
2✓) at 68 (dashed lines) and 90% (solid lines) C.L. from

various experiments (figure taken from Ref. [27]). Thick-black and thick-gray lines show the allowed
regions based on the zenith-angle analysis and L/E analyses in SK, respectively. Also shown are the
allowed regions from K2K (thin-gray lines) and MINOS (thin-black lines) experiments.

4.2 Accelerator based neutrino experiments

One of the ways physicists can study neutrinos effectively is by making intense neutrino beams using
proton accelerators. The neutrinos produced in accelerators are typically muon neutrinos, and the ma-
chine can be tuned to create either neutrinos or antineutrinos. Figure 6 represents an overview of the
neutrino beam production from NuMI (Neutrinos at Main Injector), which is used at Fermilab to create
an intense beam of neutrinos aimed toward detectors in experiments such as MINOS, MINER⌫A, NO⌫A
etc. Accelerator neutrinos are used to study neutrino interactions and neutrino oscillations taking advan-

Fig. 6: Overview of neutrino beam production from NuMI [28].
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tage of high-intensity neutrino beams, as well as a possibility of controlling and understanding their type
and kinematic properties to a much larger extent than for neutrinos from other sources. Neutrino beams
can be used for two different kinds of experiments, distinguished by how far away the detectors are from
where the neutrinos are made: short baseline (SBL) and long baseline (LBL) experiments. In the case
of SBL experiments using accelerator neutrinos, the detector sits close to the neutrino source, so that the
beam is very concentrated when it reaches the detector. The experiments are good for characterizing the
beam and learning about the neutrinos before they oscillate, and are also a good place to hunt for sterile
neutrinos and see how neutrinos interact with other particles. In the case of LBL experiments, they focus
on the oscillations while traveling a long distance through the Earth. Neutrinos have many opportunities
to interact with matter and have sufficient distance to change flavors. They are a good place to figure out
mass ordering (MO) and CP violation in the neutrino sector.

The off-axis neutrino beam results in a narrow band energy distribution of the produced neutrinos,
due to the correlation between the off-axis angle and neutrino energy [29]. The accelerator neutrino
beam is primarily a wide beam that has no clear boundaries, because the neutrinos in it do not move in
parallel, but have a certain angular distribution. The further away from the axis of the beam, the smaller
the number of neutrinos, and the distribution of energy also changes. The energy spectrum becomes
narrower and its maximum moves to lower energy. The off-axis angle can be optimized to maximize
the neutrino oscillation probability or to select an energy range in which the desired type of neutrino
interaction is dominant.

Fig. 7: ⌫µ survival probability at 295 km (up) and ⌫µ flux (down) versus E⌫ at T2K. Back, blue and red
regions correspond to the flux for axis angles of 0�, 2.0�, 2.5�, respectively [32].

The first experiment with an off-axis neutrino beam was the T2K experiment, a LBL experiment
located in Japan [30]. The main components of T2K include a neutrino beam line, muon monitors, a
near detector complex ND280 located at 280 m from the proton interaction target, and the far detector of
SK (295 km from the neutrino source), at a 2.5 degree off-axis angle from the beam. The physics goals
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of T2K are (1) to improve the measurement of �m2
32 and sin

2 ✓23 using the ⌫µ disappearance analysis,
and (2) to measure for the first time the ✓13 oscillation parameter through the ⌫e appearance analysis.
As illustrated in the lower panel of Fig. 7, the peak energy of the neutrino beam varies with different
off-axis angles. For T2K, the off-axis angle is at 2.5�, so that the neutrino beam at SK has a peak energy
at about 0.6 GeV, close to the expected first oscillation maximum [32]. In 2011, T2K first announced the
observation of ⌫e appearance events in a ⌫µ beam [31]. It also provided the world’s best measurement of
the oscillation parameter ✓23 and the first hint of CP violation in neutrino oscillations.

The MINOS experiment is designed to study the phenomena of neutrino oscillations by making pre-
cision neutrino oscillation measurements using the neutrino beam produced by NuMI [33]. Neutrinos
are observed in two detectors, one very close to where the beam is produced (near detector), and an-
other much larger detector 735 km away from northern Minnesota (far detector). MINOS measures the
difference in neutrino beam composition and energy distribution in both detectors for the purpose of
precision measurements of �m2

23 and ✓23. In addition, MINOS looks for the appearance of ⌫e in the far
detector, and will either measure or set a limit on the oscillation probability of ⌫µ into ⌫e. By observing
the disappearance of ⌫µ, MINOS has made the world’s most precise measurement of the larger neutrino
mass splitting and has measured ✓23 [34]. Using a dedicated antineutrino beam, MINOS has also made
the first direct precision measurements of the corresponding antineutrino parameters [34]. A search for
⌫e and ⌫̄e appearance has enabled a measurement of the mixing angle ✓13. MINOS has performed the
first search for ⌫̄e appearance in a ⌫µ beam and the first search for ⌫e and ⌫̄e appearance with significant
matter effects. MINOS will continue as MINOS+ [35] using an upgraded beam with higher energy and
intensity, allowing precision tests of the three-flavour neutrino oscillation picture, in particular a very
sensitive search for the existence of sterile neutrinos.

The NO⌫A experiment [36] is designed to mainly observe the oscillation of ⌫µ to ⌫e by using the
NuMI beam and consists of two detectors, one in Fermilab and the other in northern Minnesota, allowing
neutrinos to travel more than 810 km. It is also capable of measuring �CP through the comparison
between the ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e oscillation channels. Recently, NO⌫A [37] provided a less precise
measurement of �CP, which is in slight tension with the T2K result (as will be shown later). Figure 8
shows the allowed regions of oscillation parameters (�m2

32, sin
2 ✓23) at 90% C.L. We note that the

contours overlap. NO⌫A, T2K and IceCube prefer the upper octant of ✓23, while SK prefers the lower
one.

4.3 Solar neutrino experiments

Solar neutrinos are produced by nuclear fusion in the Sun’s core and are the most common type of
neutrinos passing through any source observed on Earth. The vast majority of neutrinos are produced
through the pp chain, a process in which four protons are combined to produce two protons, two neutrons,
two positrons, and two electron neutrinos, but their energy is so low (< 0.425 MeV) [13] that they are
very difficult to detect [39]. The electron capture of 7

Be produces neutrinos at either roughly 0.862 MeV
(⇠ 90%) or 0.384 MeV (⇠ 10%). A rare side branch of the pp chain produces the 8

B neutrinos with
a maximum energy of roughly 15 MeV, and these are the easiest neutrinos to detect [39]. A very rare
interaction in the pp chain produces the “hep” neutrinos, the highest energy neutrinos (up to 18 MeV)
predicted to be produced by the Sun [39]. Neutrinos are also produced by the CNO cycle, but that process
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Fig. 8: Allowed regions of (�m2
32, sin2 ✓23) at 90% C.L. from various experiments (figure taken from

Ref. [38]).

is considerably less important in the Sun than in other stars [39].

The timeline of solar neutrinos and their discovery dates back to the 1960s, beginning with the two
astrophysicists John N. Bahcall and Raymond Davis Jr. The experiment, known as the Homestake ex-
periment, aimed to count the solar neutrinos arriving on Earth. Using the standard solar model (SSM),
Bahcall was able to calculate the number of neutrinos arriving on Earth from the Sun [40]. At the same
time, Davis had proposed an idea to detect solar neutrinos by using a radioactive chemical process:
⌫e +37

Cl !37
Ar + e� [41]. By conducting the experiment deep underground, they were able to avoid

cosmic ray interactions which could affect the process and results. As a surprise, the experimental value
of observed solar neutrinos was less than 20% of the theoretical prediction calculated by Bahcall [14]. It
was unknown at the time whether there were errors in the experiment or calculations, or whether Bahcall
and Davis did not explain all variables, but this discrepancy gave birth to what became known as the solar
neutrino problem. Later, the deficits of the solar neutrino flux were observed in some other experiments
such as GALLEX [42], SAGE [43] and SK [44], with numbers ranging from one half to two thirds. One
year after the discovery of neutrino oscillation at SK, the Sudbury Neutrino Observatory (SNO) started
collecting data [45]. That experiment aimed at observing the 8

B solar neutrinos with around 10 MeV en-
ergy, and was designed to employ a large quantity of heavy water as the detection medium, which could
make it possible to observe both the electron neutrinos produced in the core of the Sun and all flavors
of neutrinos. The experiment was able to observe two separate reactions on deuteron, a CC reaction that
was sensitive only to ⌫e and a NC that was equally sensitive to all flavors. Also, SNO could observe
neutrinos of all flavors via the elastic scattering (ES) of electrons by neutrinos. The neutrino flux in each
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Fig. 9: Flux of 8
B solar neutrinos from SNO, measured via CC, NC and ES interactions. The axes

represent the inferred fluxes of ⌫µ + ⌫⌧ and ⌫e. The sensitivity to NC and ES interactions give the slopes
of the bands. The solar neutrino flux predicted by the SSM [49] is indicated as �SSM (dashed line). The
intercepts of these bands with the axes represent the ±1� errors. The dashed ellipses represent the best
estimates of �(⌫e) and �(⌫µ⌧ ) at 1�, 2� and 3� C.L.

reaction is parameterized in terms of the flux of each flavor as follows [46]:

�CC = �(⌫e) ,

�ES = �(⌫e) + 0.1559 �(⌫µ⌧ ) , (21)

�CC = �(⌫e) + �(⌫µ,⌧ ) ,

where �(⌫µ⌧ ) = �(⌫µ) + �(⌫⌧ ) and the factor of 0.1559 is the ratio of the ES cross sections for ⌫µ⌧
and ⌫e above Te↵ = 5.0 MeV. Making this change of variables and fitting directly for the flavor content,
the null hypothesis test of no-oscillation is reduced to a test of the condition �(⌫µ⌧ ) = 0. With the
measurements of the systematic uncertainties on both acceptance and detector response, the results of
the flux for the constrained fit are given in units of 106 cm�2

s
�1 by [47]

�CC = 1.76+0.06
�0.05(stat)

+0.09
�0.09(syst) ,

�ES = 2.39+0.24
�0.23(stat)

+0.12
�0.12(syst) , (22)

�NC = 5.09+0.44
�0.43(stat)

+0.46
�0.43(syst) .

The physical interpretation of the “flux” for each interaction type is that it is the equivalent flux of 8
B ⌫e’s

produced from an undistorted energy spectrum that would yield the same number of events inside the
signal region from that interaction as was seen in the data. It turns out that about 1/3 of solar ⌫e survived
while 2/3 are transformed into the combined ⌫µ and ⌫⌧ . The inequality of the fluxes determined from
the CC, ES, and NC reactions strongly supported the evidence for the existence of non-⌫e components to
the 8

B solar neutrinos. Figure 9 shows the constraints on the ⌫e flux �(⌫e) versus the combined ⌫µ and
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⌫⌧ fluxes �(⌫µ⌧ ), derived from the CC, ES, and NC rates. Both measurements of the total active fluxes
�NC , as well as the sum of �(⌫e)+�(⌫µ⌧ ), were in good agreement with SSM predictions, which could
confirm the validity of the SSM predictions on the solar neutrino fluxes.

Fig. 10: Measurements of the ⌫e survival probability, obtained by Borexino, as well as SNO and SK
(figure taken from Ref. [51]). The shaded regions represent the MSW-LMA predictions.

The phenomenon of solar neutrino transition is complicated by the matter effect, as neutrinos prop-
agate outwards from their production point inside the Sun. As discussed before, the so-called “MSW”
effect, proposed by Mikheyev, Smirnov and Wolfenstein, enhances oscillation in an energy-dependent
fashion. As a result, neutrinos produced in different fusion reactions are affected to a different extent,
due to their different energies. While the MSW effect is negligible at sub-MeV energies, where vacuum
oscillation dominates, it becomes significant above about 5 MeV. The former case is relevant for the
results from the gallium experiments such as GALLEX and SAGE, which were sensitive to low energy
pp neutrinos, resulting in P̄⌫e!⌫µ ' 1� 1

2 sin
2
2✓ ' 0.6. The latter condition is assumed to explain the

results from SK and SNO, which mostly detected 8
B neutrinos, resulting in P̄⌫e!⌫µ ' sin

2 ✓ ' 0.32.
A transition is predicted in between these two regimes, where the survival probability falls from the
vacuum-averaged value to the additionally-suppressed matter oscillation value. It is worthwhile to note
that in both the vacuum- and matter-dominated regions the survival probability is determined by the value
of the mixing angle, ✓12, and not by the details of the interaction of neutrinos with matter.

In 2011, the Borexino experiment [50] first confirmed the energy dependence of the oscillation prob-
ability as well as the transition between two regimes for solar neutrinos, as presented in Fig. 10, which
is taken from Ref. [51].
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4.4 Reactor based neutrino experiments

4.4.1 KamLAND experiment

This was the first experiment aiming to find evidence for neutrino oscillation using a terrestrial source of
⌫e produced from nuclear reactors in Japan. KamLAND detected hundreds of ⌫e through the inverse beta
decay ⌫e+p ! n+e+ with a ⌫e energy threshold of 1.8 MeV, achieving an enormous improvement over
previous attempts from any other detectors. The 180 km baseline, together with the emitted ⌫e spectrum,
made KamLAND sensitive to neutrino oscillation with large mixing angle (LMA) as a solution to the
solar neutrino problem. Figure 11 shows the ratio of the measured to the expected flux for KamLAND, as
well as for previous reactor experiments, as a function of the average distance from the source. The solid
red circle corresponds to the KamLAND result obtained at a flux weighted average distance of 180 km.
The shaded region indicates the range of flux predictions corresponding to the 95% C.L. LMA region
from a global analysis of the solar neutrino data. Earlier measurements have seen no trace of anomaly,
whereas the first data from KamLAND [52] give a lower ratio, exactly as expected by the LMA solution
to the solar neutrino problem. The dotted curve, drawn with sin

2
2✓ = 0.833 and �m2

= 5.5⇥10
�5

eV
2,

is representative of a best-fit LMA prediction. The L0/E distribution plotted in Fig. 12 shows the
oscillatory behavior of the KamLAND data [53]. The solid (blue), dash (red) and dash-dot (green)
histograms are the expectations from the best-fit oscillations, best-fit decay and best-fit decoherence,
taking into account the individual time-dependent flux variations of all reactors and detector effects. It
turns out that the data from KamLAND follow the oscillatory shape of reactor ⌫e’s arising from the
neutrino oscillation.

Fig. 11: The ratio of measured to expected ⌫̄e flux for reactor experiments (figure taken from Ref. [52]).

Compatibility of KamLAND with solar neutrino experiments: Figure 13 presents the allowed
region of parameter space (�m2

21, sin
2 ✓12) from solar neutrino experiments (green region) and from

KamLAND (blue region). The two results are compatible at the 1.1� level, and the tension between
solar global result and KamLAND data is significantly reduced compared with the old data from solar
neutrinos. Combining both results, we obtain the region in red.
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Fig. 12: Ratio of the background- and geoneutrino-subtracted ⌫̄e spectrum to the expectation for no-
oscillation, as a function of L0(= 180km)/E [53]. The solid (blue), dashed (red) and dot-dashed (green)
histograms are the expectations from the best-fit oscillations, best-fit decay and best-fit decoherence.
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Fig. 13: Allowed regions of parameter space (�m2
21, sin

2 ✓12) from solar neutrino experiments (green
contours and green region) and from KamLAND (blue region) (figure taken from Ref. [54]). The red
region is the combined result. The filled regions give the 3� C.L. results, the other contours shown are
at the 1 and 2� C.L.

4.4.2 Measuring ✓13

The mixing angle ✓13 is a key parameter to understand the underlying structure of neutrino mixing
as well as to explore whether CP is violated in the lepton sector. There are lots of different ways to
learn about ✓13. Two of the most popular involve particle accelerators and nuclear reactors. The best
measurements of ✓13 come from nuclear reactor experiments such as Double Chooz [55], RENO [56]
and Daya Bay [57]. Detectors located near nuclear reactors provide such wonderful readings of ✓13
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because reactors produce an extremely pure fountain of ⌫̄e’s, and ✓13 is closely tied to how ⌫e’s mix.
Reactor experiments look for the disappearance of ⌫̄e in the flux from the operating fission reactors. This
provides an intense source of neutrinos, in the energy range of a few MeV. The signal channel is the
inverse beta decay reaction on protons. The coincidence signal from the prompt positron and the delayed
neutron capture allows the unique identification of ⌫̄e events. For neutrinos in this energy range we can
ignore Earth’s matter effect and the survival probability is quite simply given by

P⌫̄e!⌫̄e ' 1� sin
2
2✓13 sin

2 �m2
31L

4E
� cos

4 ✓13 sin
2
2✓12 sin

2 �m2
21L

4E
. (23)

ࣂ

ࣂ

ο(ܕܜ܉)
 ο(ܔܗܛ)



Fig. 14: P⌫̄e!⌫̄e in terms of L for short baseline (L = 1–2 km) and medium baseline(L ⇠ 60 km) reactor
neutrinos.

Fig. 15: Comparison of the recent published results for ✓13 from Daya Bay, RENO, Double Chooz, and
T2K, as well as the expected sensitivities of future experiments released by Daya Bay.

Figure 14 shows how P⌫e!⌫e evolves with L for short baseline and medium baseline neutrinos. On
a 1–2 km baseline, the third (solar scale) term is around 1% of the second (atmospheric scale) term, so
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it contributes very little uncertainty to the probability. As a result the survival probability gives direct
access to sin

2
2✓13. Unlike the LBL experiments, the measurement of ✓13 through the reactor experiment

is theoretically clean but, by the same token, they cannot determine the MO or find CP violation. On
the other hand, the third term is dominant over the second one for about 60 km baseline, such as for the
JUNO experiment [58]. Based on clear deficits of ⌫e fluxes compared with the no-oscillation predictions
as well as the energy dependence of the oscillation probability, Daya Bay, RENO and Double Chooz
have measured the values of ✓13 in 2012 [59–61], which turned out to be surprisingly large. Figure 15
presents the comparison of the recent published results for ✓13 from Daya Bay, RENO, Double Chooz
and T2K, as well as the expected sensitivities of future experiments released by Daya Bay.

4.5 Global fit to neutrino data

Three-flavor oscillation parameters from the global fit to data as of November 2022 are presented in
Fig. 16 [62]. The results shown in the upper (lower) section are obtained without (with) the inclusion
of the tabulated �2 data on atmospheric neutrinos provided by SK (SK-atm). The numbers in the 1st
and 2nd column are obtained by assuming the neutrino mass spectrum to be normal ordering (NO) and
inverted ordering (IO), respectively. The minimization with respect to IO provides the same results as
NO, except for the 3� range of �m2

3l in the analysis without SK-atm. Note that �m2
3l = �m2

31 > 0

for NO and �m2
3l = �m2

32 < 0 for IO. Figure 17 shows the results of the �2 analysis for the 3-flavor
oscillation [62]. The red (blue) curves are for NO (IO). The solid (dashed) lines are obtained without
(with) the inclusion of SK-atm �2 data. For atmospheric �m2, we use �m2

31 for NO and �m2
32 for IO.

From the results, we see that ✓13, ✓12,�m2
21, |�m2

31| are well-measured, whereas the MO, the octant of
✓23 and CP phase have yet to be determined.

5 Neutrino mass

Neutrinos were presumed to be massless. Despite decades of experimental efforts, the only evidence
we have that neutrino masses are not zero comes from neutrino oscillation experiments. The masses of
neutrinos are still a mystery. It is a fundamental and important question, “how much mass do neutrinos
have?”. Measuring their masses would help point toward new physics beyond the SM. What we know
from the neutrino oscillation experiments are the two square-mass differences �m2

21 ⇠ 7.5 ⇥ 1
�5

eV
2

and |�m2
31| ⇠ 2.5⇥ 10

�3
eV

2. A recent combination of Planck data with Type Ia supernova luminosity
distances, Baryon Acoustic Oscillcation (BAO), and determinations of the growth rate parameter set the
most constraining bound to date,

P
i
mi < 0.12 eV at 95% C.L. [63], which is based on the assumption

of the ⇤ (cosmological constant) cold dark matter model of the Big Bang theory. Although such con-
straint from cosmic surveys is indirect, it is safe to say that all three neutrino masses are smaller than
1 eV.

5.1 Neutrino mass ordering

Since the sign of the atmospheric mass splitting (|�m2
31| ⇠ 2⇥ 10

�3
eV

2) remains unknown, there are
two options for the neutrino MO: normal and inverted. On the other hand, since �m2

21 turned out to
be positive from the solar neutrino experiments considering the matter effect, ⌫2 is always assumed to
be heavier than ⌫1. In the NO (IO), ⌫3 is the heaviest (lightest) neutrino. Figure 18 shows the pictorial
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”CP/¶
232

+36
≠26 144 æ 350 276

+22
≠29 194 æ 344

�m2
21

10≠5 eV
2 7.41+0.21

≠0.20 6.82 æ 8.03 7.41+0.21
≠0.20 6.82 æ 8.03

�m2
3¸

10≠3 eV
2 +2.507+0.026

≠0.027 +2.427 æ +2.590 ≠2.486+0.025
≠0.028 ≠2.570 æ ≠2.406

Fig. 16: Three-flavor oscillation parameters from the fit to global data as of November 2022. The
numbers in the 1st (2nd) column are obtained assuming NO (IO), i.e., they are relative to the respective
local minimum.

68



NEUTRINO PHYSICS

0.2 0.25 0.3 0.35 0.4

sin
2

θ
12

0

5

10

15

∆
χ

2

6.5 7 7.5 8 8.5

∆m
2

21
 [10

-5
 eV

2
]

0.4 0.45 0.5 0.55 0.6 0.65

sin
2

θ
23

0

5

10

15

∆
χ

2

-2.6 -2.5 -2.4

∆m
2

32
   [10

-3
 eV

2
]   ∆m

2

31

2.4 2.5 2.6

0.018 0.02 0.022 0.024 0.026

sin
2

θ
13

0

5

10

15

∆
χ

2

0 90 180 270 360

δ
CP

NO, IO (w/o SK-atm)
NO, IO (with SK-atm)

NuFIT 5.2 (2022)

Fig. 17: Resulting �2 distributions for the global 3⌫ oscillation analysis of Fig. 16. The red (blue) curves
are for NO (IO). The solid (dashed) lines are obtained without (with) the inclusion of SK-atm �2 data.

representations of the two MO possibilities [65]. While recent T2K [66], NO⌫A [67] and SK [68]
experiments report individually that their data favor mildly NO, a study [69] shows no favor in that
indication with the combined data from the experiments. This ambiguity in determining the neutrino
MO is worthy of further investigation. Measurements of |�m2

31| are carried on in three main chain
channels: (i) ⌫µ ! ⌫µ (or ⌫̄µ ! ⌫̄µ) with accelerator-based LBL (A-LBL) neutrino experiments and
atmospheric neutrino experiments; (ii) ⌫µ ! ⌫e (or ⌫̄µ ! ⌫̄e) with A-LBL neutrino experiment; and
(iii) ⌫̄e ! ⌫̄e with the reactor-based SBL(R-SBL) neutrino experiments. The probabilities for the two
cases, NO and IO, as function of the neutrino energies for the first two channels are shown in Fig. 19.
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Fig. 18: Pictorial representations of two possible neutrino mass orderings (figure taken from Ref. [64]).

It is deduced from Fig. 19 that the sensitivity to the neutrino MO is marginal in the ⌫µ ! ⌫µ (or
⌫̄µ ! ⌫̄µ) disappearance channels. The effect of the neutrino MO, on the other hand, is much stronger
in the ⌫µ ! ⌫e (or ⌫̄µ ! ⌫̄e) appearance channels. The relatively large modification of the oscillation
probabilities in this channel is due to the coherent scattering of electron (anti-) neutrinos on the electrons
present in the matter—the MSW effect. However, one must consider the fact that the ⌫µ ! ⌫e (or
⌫̄µ ! ⌫̄e) appearance probability is just a few percentage, limiting the statistics of the collected data
sample. Moreover, extracting the neutrino MO effect from the appearance probabilities is non-trivial
since the sign of �m2

31 is tangled severely with �CP and the mixing angle ✓23 (it also depends on the
mixing angle ✓13, which we know with 3% precision), which have been measured with relatively large
uncertainty. In addition, it is important to note that the modifications of the ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e

appearance probabilities due to matter effects are not the same.

Fig. 19: Neutrino oscillation probabilities for ⌫µ (or ⌫µ) disappearance (left) and ⌫e appearance (right)
for the T2K and NO⌫A experiments with two possible MO hypotheses (figure taken from Ref. [70]).

Due to the mutual dependence of the considered parameters in the neutrino oscillation probabilities,
determining the neutrino MO will apparently enhance the sensitivity of the CP-violation search and vice
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Fig. 20: The ⌫e survival probabilities in the reactor-based neutrino experiments with short (left) and
medium (right) experimental baselines (figure taken from Ref. [70]).

versa. As a result, the program to elucidate the neutrino MO and the search for CP violation in the A-LBL
neutrino experiments are inextricably linked. So far, in the case of the R-SBL neutrino experiments, we
have investigated with detectors placed relatively close to the reactor core, a few hundred meters to a few
kilometers from the neutrino source. As shown on the left side of Fig. 20, the sensitivity to the neutrino
MO is marginal. However, JUNO [58], with a medium-baseline of 50 km, can improve the sensitivity
to the neutrino MO thanks to the interference between two oscillation terms [71], which are driven by
�m2

21 and �m2
31, respectively.

For JUNO, the most challenging thing to achieve is an excellent resolution of the reconstructed neu-
trino energy to unravel the neutrino MO effect from the detector response effect. The recent progress
on the JUNO calibration [72] demonstrates that this unprecedented achievement in energy resolution is
viable. In addition, it is important to note that, unlike when measuring the neutrino MO with an A-LBL
experiment, the sensitivity to the neutrino MO in the reactor-based medium baseline (R-MBL) neutrino
experiments is independent of the value of �CP. Thus, resolving the neutrino MO with A-LBL and
R-MBL neutrino experiments is complementary [73].

5.2 Dirac or Majorana masses ?

5.2.1 Dirac masses

For a Dirac field given by  =

 
'

�

!
, we can separate left-handed and right-handed fields by using

projection operators, PL(R), as follows:

 L = PL =
1

2
(1� �5) =

 
'

0

!
,

 R = PR =
1

2
(1 + �5) =

 
0

�

!
.

(24)
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Similarly,  L =  PR, R =  PL. Then a Dirac field is composed of two fields  L and  R as  =

 L +  R. The fermion mass term is written as   =  R L +  L R, and the coefficients of the terms
correspond to the mass of the fermion  . This result shows that a fermion mass can be thought of as a
L $ R transition. For an electron (or positron), eL (or ēR ⌘ (ec)R: a short bar (-) on top stands for an
antiparticle) is a component of an iso-doublet with I3 = �(+)

1
2 , whereas eR(ēL) is an iso-singlet. Then,

a Dirac mass of electrons (positrons) is constructed by combining both eL(ēR) and eR(ēL). But the
combination of eL(eR) and ēR(ēL) is not allowed due to violation of conservation of electric charge. In
order to make neutrinos massive, a new degree of freedom with an iso-singlet is required. A very simple
possibility is to postulate the existence of new Weyl fermions, NR, with no SM quantum numbers. They
do not affect SM gauge anomaly cancellations and are only modestly constrained by experiments. SM
gauge singlet fermions couple to the SM only via neutrino – Higgs boson Yukawa interactions;

L⌫Y uk = y⌫LHNR + h.c. , (25)

where y⌫ is the Yukawa coupling, L is a lepton doublet and H is a SM Higgs. After electroweak
symmetry is broken, the left-handed neutrino ⌫ in L and a singlet NR combine into a massive neutrino
with mass mD = y⌫v, where v is the vacuum expectation value of H , which is called a neutrino Dirac
mass. This type of neutrino mass is similar to that of other charged leptons. In order to make the
neutrino Dirac mass tiny, of order 0.1 eV, the Yukawa coupling y⌫ must be around 10

�12. The size
of y⌫ is very small compared with other Yukawa couplings in the SM. Such a small Yukawa coupling
may serve as a hint of new physics beyond the SM. In general, mD is a N ⇥ N complex matrix when
we consider N generation of leptons. Then, mD is diagonalized by a bi-unitary transformation like
mD = UMDV †, where U corresponds to the rotation matrix of left-handed neutrinos and V to that of
right-handed neutrinos.

5.2.2 Majorana masses

In 1937, Majorana formulated a new theory of neutrinos, whereby the neutrino and the antineutrino are
indistinguishable, and suggested the antineutrino-induced �-decay as an experimental verification of this
hypothesis [74]. To understand the properties of Majorana neutrinos, let us consider some basic relations.
The charge conjugation of the field  is defined by

 c ⌘  ̄ = C 
T
, C = i�2�0 , (26)

where C is the charge conjugation operator and �i is the gamma matrix . Then, the following relations
hold:

( R)
c
=  ̄L , ( L)

c
=  ̄R . (27)

Let  L =

 
'

0

!
, then its charge conjugate becomes ( L)

c
= C�0 ⇤

L
=

 
0

�i�2'⇤

!
. Combining both

gives a fermion satisfying the relation  =  ̄, which is the condition for a Majorana neutrino. We need
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only ' to describe a Majorana neutrino, as follows:

 M =  L + ( L)
c
=

 
'

�i�2'⇤

!
=  ̄M . (28)

Note that, in the same representation for a Majorana neutrino, a Dirac fermion can be written as  D = 
'

�i�2�⇤

!
, (' 6= �). Then, if ' = �, it becomes a Majorana fermion. Using Eq. (27), a Majorana

fermion can be written as

 M =

(
 L + ( L)

c
=  L +  ̄R

 R + ( R)
c
=  R +  ̄L

. (29)

Then, the Majorana mass term becomes

L =  MM M + h.c. =  LM( L)
c
+  ̄LM L + h.c. (30)

Note that the Majorana mass matrix is symmetric, and can therefore be diagonalized by an unitary mixing
matrix such as U †MU⇤

= Mdiag. The Majorana mass terms are not invariant under  ! ei↵ . So,
lepton number is not conserved in the Majorana mass term.

If the nature of the neutrinos is Majorana, then they can be emitted and absorbed in the same process
without showing up in the corresponding final state [75]. The neutrinoless double beta decay (0⌫��),
(A,Z) ! (A,Z+2)+2e�, is a commonly proposed and experimentally pursued theoretical radioactive
decay process that would prove a Majorana nature of the neutrinos, as shown in Fig. 21. It would also
indicate the first ever signal of non-conservation of total lepton number. The amplitude for the decay rate
depends on the effective neutrino mass, defined by hm��i =

P
i
U2
ei
mi. Experimentally of interest and

thus measured is the sum of the kinetic energies of the two emitted electrons. It should equal the total
released kinetic energy of the respective nucleus for neutrinoless double beta emission. To search for
neutrinoless double beta decay, there are currently a number of experiments underway and several future
experiments were proposed for increased sensitivity.

Fig. 21: Feynman diagram for neutrinoless double beta decay due to exchange of light Majorana neutrino
⌫ (figure taken from Ref. [76]).
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5.2.3 Seesaw mechanism

Once NR is introduced to make neutrinos massive, as far as the SM is concerned, there is no symmetry
to prohibit the mass term, MNRN̄L where M is the Majorana mass. Then, it is possible to consider the
Majorana neutrino N = NR + N̄L. Putting possible mass terms for neutrinos together, the mass terms
can be written in the matrix form as follows:

(⌫L, N̄L)

"
0 mD

mT

D
M

# 
⌫̄R

NR

!
. (31)

Note that the mass term combining ⌫L and ⌫̄R implies I3 = 1, Y + �2 and thus is forbidden by weak
isospin. But if a new scalar triplet with I3 = 1, Y = 2 is introduced, the mass term can be generated.
Assuming M � mD, diagonalization of the mass matrix in (31) leads to two mass eigenvalues of which
the lighter one is given by m⌫ = �mDM�1mT

D
. As M gets larger, m⌫ gets smaller. Its behavior looks

like a seesaw, so we call it a seesaw mechanism [77–83] that successfully makes m⌫ tiny when M is
large enough. There is no guide to determine the scale of mD as well as of M . Taking mD ⇠ 100

GeV, we need M ⇠ 10
15 GeV to achieve m⌫ ⇠

p
�m2

atm
⇠ 0.05 eV. Alternatively, there are so-called

type-II [84–87] and type-III [88] seesaw models in which a new scalar triplet and a new fermion triplet
are introduced, respectively. There are also several models that realize tiny neutrino masses via quantum
effects [89,90]. The seesaw mechanisms, as well as the radiative generations of neutrino masses, provide
possible answers to why light neutrino masses are so tiny. However, there is no experimental hint for
them yet.

5.3 Determination of neutrino mass

As mentioned, we cannot determine the absolute values of neutrino masses through neutrino oscillation
experiments. Then, how can we determine them experimentally? One possible way is to use decay
kinematics. The simplest case is the 2-body at-rest-decay kinematics of ⇡ ! µ⌫µ, for which one can
easily obtain the relation

m2
⌫ = m2

⇡ +m2
µ �

q
4m2

⇡(|~pµ|2 +m2
µ) . (32)

Using the relation, we can extract the value of m⌫ . However, it is hard to do it with this method, mainly
because of uncertainties in measuring m⇡,mµ and |~pµ|. Now, the most plausible method is to extract
information on the scale of neutrino mass from the endpoint spectrum of the 3

H ! 3
He

+
+ e� + ⌫̄e,

beta decay, with energy threshold E0 = 18.6 keV. The idea that the neutrino mass can be deduced in that
way was already recognized by Fermi [3] in 1934, when he formulated the theory of beta decay. This
method is called a “direct measurement” since it is model independent and does only rely on energy and
momentum conservation. The number of events of the tritium beta decay depends on

m2
(⌫e) =

X
|Uei|2m2

(⌫i) . (33)

The endpoint spectrum of the beta decay would be shifted along with the value of m2
(⌫e). But, to

observe modification of the endpoint spectrum, we need an eV-scale E resolution, very high luminosity,
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very low background and an accurate theoretical prediction of the integral spectrum. There are a few
experiments to determine the absolute scale of neutrino mass.

The KATRIN experiment [91] addresses these challenges by combining a high-activity molecular
tritium source with a high-resolution spectrometer of the magnetic adiabatic collimation and electrostatic
(MAC-E)-filter type16. Recently, KATRIN reported a new upper limit on the neutrino mass of 0.8 eV, by
using the Lokhov–Tkachov or Feldman–Cousins technique, which is the first time that a direct neutrino
mass experiment has entered the sub-eV mass range [92]. Figure 22 presents the evolution of the best fit
m2

(⌫e) results from various neutrino-mass measurements to date. Compared with other measurements,
the result from the KATRIN experiment has narrowed the statistical and systematic uncertainties.

Fig. 22: Evolution of the m2
(⌫e) best-fit values and total uncertainties from neutrino mass experi-

ments [92].

6 CP violation in neutrino oscillations

Charge conjugation is the transformation associated with the exchange between a particle and an an-
tiparticle, whereas parity changes a left-handed state into a right-handed state, and vice-versa. Under CP
transformation, left-handed and right-handed fermion fields become, respectively,

( L)
CP

= i�2 ⇤
L , ( R)

CP
= �i�2 ⇤

R . (34)
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An important observable concerned with CP symmetry is the so-called Jarlskog invariant defined by
Im[U⇤

↵k
U�kU↵jU⇤

�j
] = ±J = ±Ĵ sin �CP, with Ĵ = c12s12c23s23c213s13 for the lepton sector. Under

CP transformation, the mixing element U and J go to U⇤ and �J , respectively. As can be seen from
Eq. (10), the oscillation probability is composed of a CP conserving part (second term) and a CP violating
part (third term). Since the CP violating part vanishes for ↵ = �, CP violation can be explored through
the appearance channels, ⌫↵ ! ⌫� . Under CP transformation, the transition probability P⌫↵!⌫� (=

PCPC
⌫↵!⌫�

+ PCPV
⌫↵!⌫�

) goes to P⌫̄↵!⌫̄� (= PCPC
⌫↵!⌫�

� PCPV
⌫↵!⌫�

). CP violation shows up as a difference
between P⌫↵!⌫� and P⌫̄↵!⌫̄� , which is called the CP asymmetry, ACP

↵�
, defined by

ACP
↵�

⌘
P⌫↵!⌫� � P⌫̄↵!⌫̄�

P⌫↵!⌫� + P⌫̄↵!⌫̄�

=

PCPV
⌫↵!⌫�

PCPC
⌫↵!⌫�

(↵ 6= �) . (35)

Since the detection of ⌫e and ⌫µ is far easier than that of ⌫⌧ , the golden channel for CP asymmetry is
ACP

µe . To leading order in �m2
21L/(2E) ⌘ �21, the CP asymmetry ACP

µe approximately becomes

ACP
µe ' 4 sin�21Ĵ sin �CP

sin
2 ✓23 sin2 2✓13

' c23 sin 2✓12
s12s13

✓
�m2

21

�m2
31

◆
�m2

31L

4E
⇠ 0.26

✓
�m2

31L

4E

◆
. (36)

We see from Eq. (36) that the asymmetry grows linearly with L, but for fixed detector size and neutrino
energy E, the flux of neutrinos decreases as ⇠ 1/L2. The first oscillation maximum occurs at

L0 =
2⇡E

�m2
31

' 495

✓
E

GeV

◆✓
2.5⇥ 10

�3

�m2
31

◆
km . (37)

For an example, the detector of the T2K experiment is located at 295 km away from the accelerator, so
as to observe the first oscillation maximum for neutrinos with E ⇠ 0.6 GeV. The observation of CP
asymmetry is achievable at LBL experiments. Indeed, the measurement of CP violation can become
more complicated because of the fact that the oscillation probabilities for neutrinos and anti-neutrinos
are in general different in matter even if �CP = 0. The approximated form of the transition probability
in matter is given by Ref. [93]

P⌫↵!⌫� ⇠ sin
2 ✓23 sin

2
2✓13 sin

2 �31

2

✓
1� 8a

�m2
31

cos 2✓13

◆

+ c213(c
2
23 sin

2
2✓12 + 4s213s

2
23s

4
12 � 2s13s

2
12 sin 2✓12 sin 2✓23 cos �) sin

2 �21

2

+ c213(s
2
13 sin 2✓12 sin ✓23 cos �CP � 4s223s

2
12s

2
13) sin

2 �31

2
sin

�21

2
(38)

+ 8Ĵ sin
�31

2
sin

�21

2
sin

�32

2
sin �CP

+ 2 cos 2✓13 sin
2
2✓13s

2
23

✓
aL

4E

◆
sin

�31

2
cos

�32

2
,

where a[eV2
] = 2

p
2GFNeE = 7.6 ⇥ 10

�3⇢[g/cm3
]E[GeV] stands for the matter effect. GF , Ne

and ⇢ represent the Fermi constant, number density of electron and matter density of Earth, respectively.
Under CP transformation, a goes to �a, which mimics CP violation.

Figure 23 shows how P⌫µ!⌫e and P⌫̄µ!⌫̄e differently evolve over E for fixed �CP and L. The left
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Fig. 23: Transition probabilities P⌫µ!⌫e and P⌫µ!⌫e as functions of neutrino energy for T2K baseline L
= 295 km (a) and NO⌫A baseline L = 810 km (b) [94].

Fig. 24: Bi-probability diagram in the space P⌫µ!⌫e vs. P⌫µ!⌫e for the NO⌫A experiment.

(right) panel corresponds to the T2K (NO⌫A) baseline. The solid (dashed) lines correspond to the neu-
trino (anti-neutrino) oscillation, and the red (blue) curves to �CP = 270

�
(0

�
). Figure 24 presents a CP

trajectory diagram in bi-probability space as a powerful tool for a pictorial representation of the genuine
CP and matter effects in neutrino oscillations [95]. If we vary �CP from 0 to 2⇡, we can draw a closed
trajectory, which becomes an ellipse, in the P � P̄ plane. How far the ellipse is away from the origin
is proportional to sin

2 ✓13. For �CP = 0 or ⇡, there is no difference between the two probabilities. Tak-
ing into account matter effects, the ellipse is shifted to two different directions according to the sign of
�m2

31, i.e. matter effects for (+)�m2
31 enhance P , whereas for (�) they suppress P . The magnitude

of shift is larger as the matter effects, as well as the baseline, are larger. If the distance is short, the two
trajectories may overlap. The octant of ✓23 can be distinguished using this diagram. Figure 25 shows
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Increasing Energy

0.6 GeV 2 GeV 3 GeV

Fig. 25: Comparison of bi-probabilities for the T2K, No⌫A and DUNE experiments (figure taken from
Ref. [96]).

how the neutrino MO and CP violation can be disentangled for experiments with different L and E. As
expected, the chance to disentangle them would be increased as E and L get larger. There are some
implications on CP violation in the lepton sector coming from the results of NO⌫A [97] and T2K [98]
experiments. Figure 26 shows the favored regions of the parameter space (�CP, sin

2 ✓23). The upper
(lower) panel corresponds to NO (IO). The colored regions are results obtained from NO⌫A, whereas
the regions surrounded by black contours are from T2K. We see that both results for IO are consistent,
whereas there is a tension between them for NO at 2 � level. The NO⌫A and T2K experiments will
continue to take data till 2026 and 2027, respectively, and then the statistics of present analyses are ex-
pected to be double. The future experiments such as DUNE and Hyper-Kamiokande will achieve the
sensitivities to determine whether CP is violated in the lepton sector or not.

7 Conclusion

In the past few decades, a very important breakthrough in particle physics was made by the discovery
of neutrino oscillations, which has shown neutrino properties beyond the SM. In this lecture, a full un-
derstanding of the various aspects of the neutrino oscillations was provided. The various experiments
studying neutrinos from different sources were discussed, ranging from the pioneering ones to the ex-
periments still in operation and to those in preparation. I have shown how the parameters concerned
with neutrino oscillations were investigated and determined from the experiments. The most important
milestones and the results of neutrino experiments were presented. The origin of neutrino masses and the
principle behind the observed leptonic structure have been addressed. I have presented various attempts
to identify the nature of neutrinos, establish the absolute values of neutrino masses, determine their or-
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Fig. 26: Allowed regions of (�CP, sin2 ✓23) from the T2K (black contours) and NO⌫A (colored regions)
experiments [97, 98]. The upper (lower) plot corresponds to NO (IO).

dering, and measure the CP violating phase. Despite being challenging, exciting experimental programs
are underway and planned for the future and will be able to address the unsolved issues.
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