
Chapter 2
Neutrino Oscillation

Physics works, and I’m still alive.
Walter Lewin

2.1 Neutrinos and the Standard Model of Particle Physics

The Standard Model (SM ) of particle physics is the theory describing how the
fundamental constituents of our universe interact. From the technical point of view
the SM is a re-normalisable gauge field theory, based on the symmetry group
SU (3)C

⊗
SU (2)L

⊗
U (1)Y which describes the strong, weak and electromagnetic

interaction, via the exchange of spin-1 gauge field: eight massless gluons for the
strong interaction, one massless photon for the electromagnetic interaction and three
massive bosons, W± and Z0 for the weak interaction.

The known elementary particles and antiparticles are fermions with spin- 1
2 and

are organised in two families according on how they interact: quarks and leptons.
Quarks interacts with all the three forces, while leptons interact only through the
electromagnetic and/or the weak force. Quarks and leptons exist in three generations
or flavours, with different masses and flavour quantum numbers, but with identical
interactions, which make theSM symmetric with respect to the flavour. A summary
of SM fermions and bosons is shown in Fig. 2.1.

The fermions are a representation of the symmetry group and can be written as:

(
νl

l−
)

L
,

(
qu

qd

)

L
, l−R , qu R, qd R, (2.1)

where the left-handed fields are SU (2)L doublet, while the right handed fields are
SU (2)R singlets. Neutrinos interact only via the weak force and they are experimen-
tally observed with left-handed helicity, thus a right-handed neutrino is not included
in the SM .
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Fig. 2.1 Fermions and Bosons described by the Standard Model of elementary particles. For each
fermion (three generations of matter) there is an antiparticle, which are not shown for brevity. The
gauge bosons are in the fourth column and the Higgs boson in the fifth. Source Creative Commons

Due to the gauge symmetry of the theory, particles are so far massless. While
such assumption appears as a good approximation at high energies (E � MZ , MW ),
where the weak and electromagnetic interactions have similar strengths and are
described by the unique electroweak force, at low energies the mass of the W± and
Z bosons make the weak interaction weaker than the electromagnetic interaction.

The weak gauge bosons masses are acquired by introducing a new scalar field and
breaking the gauge symmetry by choosing an expectation value for its vacuum state.
This mechanism, known as spontaneous symmetry breaking, generates the masses
for the weak bosons and give rise to the appearance of the spin-0 Higgs boson. The
photon and the gluons remain, by construction, massless particles in agreement with
experimental observations.

Once the gauge symmetry is broken, also fermions are allowed to acquire a mass
term through the so called Higgs mechanism which couples the right-handed singlets
with the left-handed doublets via the Yukawa coupling constant, providing masses
of the form of

LY = mll̄LlR + mqq̄LqR + h.c., (2.2)
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where the mass term for the fermions (for example) is given by ml :

ml = v√
2
Γl , (2.3)

where v is the vacuum expectation value of the Higgs field and Γl is the Yukawa
coupling constant, that assumes different values for the different fermions. To explain
the observed masses, Γl varies from ∼1 for the heaviest fermion, the top quark, to
∼10−5 for the lighter charger fermion, the electron.

Since the observed neutrinos are only left-handed, they are not allowed to acquire
mass though the Higgs mechanism, remaining massless in the SM . The SM pro-
vides a beautiful theoretical model which is able to accommodate most of the present
knowledge on electroweak and strong interactions. It is able to explain many exper-
imental facts and, in some cases, it has successfully passed very precise tests. Even
the long search for the Higgs boson has recently provided conclusive evidence for the
discovery of a new particle, consistent with the SM Higgs boson hypothesis [1].

In spite of the impressive phenomenological success, theSM leaves many unan-
swered questions to be considered as a complete description of the fundamental
forces. There is no understanding regarding the existence of three (and only three)
fermions families as well as their origins. There is no answer to the observed mass
spectrum and mixing pattern. These, and others questions remain open and require
new physics beyond the SM . As will be stressed in the rest of this chapter, the first
hint from such new physics has emerged with evidence of neutrino oscillations.

2.2 Neutrino Oscillation Theory

Neutrino oscillation were postulated in 1957 by Pontecorvo [2]. In analogy with
K 0 ↔ K̄ 0 oscillations, Pontecorvo suggested the possibility of neutrino-antineutrino
oscillation (ν ↔ ν̄). When the second neutrino family where discovered, Maki,
Nakagawa and Sakata proposed in 1962 the possibility of oscillation among the
neutrino families introducing the concept of lepton flavour mixing [3]. The neutrino
oscillation mechanism is based on the fact that if neutrinos have a non-zero mass,
flavour states |να〉 (interaction states) and mass states |νi 〉 (propagation states) could
not coincide, in analogy to the mixing in the quark sector, i.e.,

|να〉 =
∑

i

U∗
α,i |νi 〉 , (2.4)

where α represent the flavour families (e, μ, τ ), |νi 〉 the mass states of mass mi (with
i = 1, 2, 3) and U is the so called PMNS (Pontecorvo-Maki-Nakagawa-Sakata)
unitary mixing matrix. Neutrinos are produced via weak interaction in a defined
flavour eigenstate |να〉 together with the corresponding lepton α. For a neutrino
produced at time t = 0, |ν〉 (t = 0) = |να〉, and propagating it as a free particle
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following the Schrödinger equation, after a time t and travelled distance L , it will be
described by

|να(t, L)〉 =
∑

i

U∗
α,i e

−i(Ei t−pL) |νi 〉 , (2.5)

where E and p is the neutrino energy and momentum, respectively. Assuming the
three mass eigenstates propagate with the same momentum with relativistic energies
(p � E � mi ):

Ei =
√

p2 + m2
i � p + m2

i

2p
� E + m2

i

2E
. (2.6)

Thus, Eq. 2.5 can be re-written, using natural units (c = � = 1), as

|να(t, L)〉 =
∑

i

U∗
α,i e

−i
m2

i
2E L |νi 〉 . (2.7)

In other words, the initial mass state components evolve independently acquiring
phases depending from their masses. Equivalently, Eq. 2.7 can be reverted to express
the mass eigenstate |νi 〉 as a function of the flavour eigenstate

∣
∣νβ

〉
,

|νi (L)〉 =
∑

β=e,μ,τ

(
∑

i

U∗
α,i e

−i
m2

i
2E LUβ,i

)

|να〉 . (2.8)

A neutrino created at t = L = 0, with α flavour state, evolves as a linear superposition
of the existing lepton states. Like the production, the detection of neutrinos occurs
via the weak interaction. The probability to observe a neutrino created with flavour
α, at L = 0, with a different flavour β, after a distance L , is defined as

P
(
να → νβ

) = ∣
∣
〈
νβ |να(L)

〉∣
∣2 =

∣
∣
∣
∣
∣
∣

∑

i

U∗
α,i Uβ,i e−i

m2
i

2E L

∣
∣
∣
∣
∣
∣

2

=
∑

i

∣
∣
∣Uα,i U

∗
β,i

∣
∣
∣
2 + 2Re

⎛

⎝
∑

i> j

Uα,i U
∗
β,i U

∗
α, j Uβ, j e−i

Δm2
i j

2E L

⎞

⎠ . (2.9)

In the equation above an oscillation term appears as a function of the distance between
the neutrino creation point (source) and the detection point (detector), and the neu-
trino energy. The oscillation frequency is proportional to the squared difference
between the mass states, Δm2

i j = m2
j − m2

i , while the oscillation amplitude is pro-
portional to the PMNS matrix elements, Uα,i .

The PMNS matrix is defined as



2.2 Neutrino Oscillation Theory 9

U =
⎛

⎝
c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12s23s13eiδ −c12s23 − s12c23s13eiδ c23c13

⎞

⎠ , (2.10)

where ci j = cos θi j and si j = sin θi j . The angles θ12, θ13 and θ23 represent the
mixing angles and δ is a CP violation phase. Two additional phases have to be taken
into account if neutrinos are Majorana particles, but such phases do not impact the
neutrino oscillation.

As shown in Eq. 2.9, neutrino oscillations depend also on the mass squared dif-
ferences between the mass states, namely Δm2

21, Δm2
32 and Δm2

31, which only two
of them are independent, since there is the relation

Δm2
31 = Δm2

32 + Δm2
21. (2.11)

Consequently, neutrino oscillation depends on six free parameters: three mixing
angles, two mass squared differences and one complex CP violation phase. For
practical reasons, the mixing matrix is usually factorized in terms of three matrices
M2,3 × M1,3 × M1,2 as

U =
⎛

⎝
1 0 0
0 c23 s23
0 −s23 c23

⎞

⎠

⎛

⎝
c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

⎞

⎠

⎛

⎝
c12 s12 0

−s12 c12 0
0 0 1

⎞

⎠ . (2.12)

As one can see, each matrix is related to a different mixing angle. M2,3 is parametrized
in terms of θ23 which is the mixing angle dominating the νμ → ντ , related to the
oscillation of atmospheric and accelerator neutrino. M1,2 is parametrized in terms
of θ12 dominating the transition νe → νμ,τ , related to the oscillation of neutrino
coming from the sun and long baseline reactors. Finally, M1,3 depends on θ13 which
is the mixing matrix dominating the oscillation νμ → νe, and short baseline reactor
ν̄e → ν̄e. The CP phase always appears multiplied by the terms sin θ12 sin θ23 sin θ13,
so it would be measurable only if θ13 is different than zero.1

Finally, the observation of the neutrino oscillations has two main consequences:
neutrinos have a non-zero mass and the lepton flavour is not conserved.

2.3 Matter Effects

When discussing oscillation searches where the neutrino beam passes through a por-
tion of the Earth, one must consider the influence of matter on neutrino propagation.
During propagation, electron neutrinos and antineutrinos may forward-scatter via
charged current interactions with electrons in the surrounding matter medium. This

1 Some experiments showed non zero value for the other two angles, as it is showed in next sections.
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phenomena was first considered by Mikheyev and Smirnov [4], and Wolfenstein [5],
and is now known as the MSW effect. While most neutrinos observed in experiments
pass through part of the Earth at some point, it has been shown by De Rújula [6]
that matter effects only impact experiments with a baseline in the order of 1,000 km.
Thus, while this effect has little impact on experiments where L ∼ 1 km, as in reac-
tor neutrino experiments, it does need to be considered in accelerator based neutrino
experiments searching for neutrino appearance at long baselines.

Any area of electron density Nα can be considered to contribute an effective
potential term to the flavor basis Hamiltonian Vα = √

2G F Nα , where G F is the Fermi
constant. Since the Earth presents a density of only electrons, V = (

√
2G F Ne, 0, 0).

Neutral current scattering contributes a term which is equal for all flavour eigenstates,
and thus a negligible multiple of the identity matrix. The MSW effect will modify
the oscillation probability, defined in Eq. 2.9, as proposed in [7].

Depending on the experimental parameters, matter effects can mimic a CP-
violating signal. This effect also depends on the ordering of the neutrino masses,
or the mass hierarchy. Since the absolute hierarchy has not yet been established, this
variable can affect experiments sensitivity on measuring δC P .

The Sun is a pure source of νe, as described in Sect. 2.5.1.1. In analogy to neutrinos
travelling through the Earth, solar neutrinos oscillations have to account for the matter
effects. However, in the Sun, the electron density Nα changes as a function of the
radius. If the evolution of the propagation Hamiltonian is adiabatic, then νe produced
in the Sun’s interior will evolve into ν2, which is defined such that ν2 > ν1. Evidence
suggests that >90 % of 8B’s νe produced in the Sun’s core evolve into ν2 due to
matter effects [8]. Therefore, to a first approximation, the νe flavour content of 8B
solar neutrinos reach the Earth is expected to be |Ue2| ∼ sin2 θ12.

2.4 Mass Hierarchy

In the full three flavour model of neutrino mixing, a hybrid approach to labelling
the neutrino mass eigenstates is taken. The mass squared splittings are known to
be hierarchical, therefore it is possible to define ν3 as the neutrino mass eigen-
state whose mass is very different from the masses of the other two mass eigen-
states (either much larger or much smaller), i.e., |Δm2

21| 
 |Δm2
32| ∼ |Δm2

31|.
However, this definition does not specify the mass hierarchy, i.e., whether m3
> m1,2 or m3 < m1,2. Therefore, the sign of Δm2

31 and Δm2
21 can be either positive

or negative. If Δm2
31 > 0, this is called the “normal” mass hierarchy. If however,

Δm2
31 < 0, this is called the “inverted” mass hierarchy, as shown in Fig. 2.2. Mat-

ter effects from accelerator neutrino beams passing through the earth can be used
to determine the mass hierarchy. The m2

2 > m2
1 hierarchy, was solved by the solar

neutrino experiments, described in Sect. 2.5.1.1.
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Fig. 2.2 Neutrino mass eigenstates spectra for both cases of normal or inverted hierarchy, and
composition in terms of νe, νμ, and ντ . Neither the absolute scale, nor the 3-2 hierarchy arrangement
are known so far

2.5 Measuring Neutrino Oscillation Parameters

To easily understand neutrino oscillation experimental results, the simplified case
for two active neutrino is considered. The mixing between two neutrino families is
described by a real and orthogonal 2 × 2 matrix with one mixing parameter, the
rotation angle θ between the flavour and the mass eigenstates:

(
να

νβ

)

=
(

cos θ sin θ

− sin θ cos θ

) (
ν1
ν2

)

, (2.13)

and the oscillation probability takes the form

P(να → νβ) = sin2 2θ sin2
(

Δm2L

4E

)

. (2.14)

The oscillation amplitude, sin2 2θ , is determined by the mixing angle θ and does not
allow to distinguish between θ and π/2 − θ , which are not physically equivalent.

Restoring to physics units, the oscillation phase, φ, becomes

φ = 1.27

(
Δm2[eV2]L[km]

E[GeV]
)

. (2.15)

In the limit where φ 
 1, P(να → νβ) � sin2 2θ(Δm2L/4E)2, so the measure-
ment of the oscillation probability would determine information only on the product
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sin2 2θ × Δm2. The oscillation would not have enough time to develop and the
number of neutrino oscillation events measured in the detector is approximately
independent from the distance L , since the oscillation goes with (L/E)2 and the
neutrino flux diminish with 1/L2.

In the opposite where φ � 1, the oscillation are so fast that get averaged out,
P(να → νβ) � 1/2 sin2 2θ . In this limit the oscillation probability does not depend
from the oscillation phase and the number of events decrease with 1/L2.

In order to measure both oscillation parameters, the measurement of the averaged
probability is not enough, and the L (or E) dependence must also be measured to
characterise the oscillation pattern. Thus, a good possible experimental condition to
characterise oscillation parameters is then to have an oscillation phase of �1.

Even if three neutrino families exist, the mixing parameters are such that the
dominant oscillation pattern is driven by the two flavour mixing, while the third
flavour contribute at the second or higher order. For this reason the results of oscilla-
tion experiments are often shown in a two neutrino scenario and determine a single
mixing angle and squared mass difference.

2.5.1 Measurement of Δm2
21 and θ12

Measurement of Δm2
21 and θ12 oscillation parameters has been performed by the

experiments detecting νe produced by the Sun’s thermonuclear reactions and non-
natural terrestrial ν̄e source, such as nuclear reactors.

2.5.1.1 By Solar Neutrinos

Solar neutrinos are νe produced by the reactions responsible for solar energy produc-
tion, such as 4p + 2e− → 4He + 2νe + 26.7 MeV. This process takes place through
different nuclear reactions and consequently solar neutrinos are characterised by dif-
ferent energy spectra as shown in Fig. 2.3. The typical neutrino flux reaching the
Earth is of about 1012 ν/s/cm2. Several experiments measured the solar neutrino
flux, starting in 1970 with the pioneering Chlorine experiment in the Homestake
mine, proposed by Davis Jr. [10]. The νe flux were measured in a tank of 380 m3

filled with C2Cl4, placed 1,478 m underground, counting the number of radioactive
37Ar nuclei produced by the inverse beta decay reaction 37Cl + νe → 37Ar + e−,
which has a threshold energy of 814 keV. Only one third of the neutrino flux pre-
dicted by the Standard Solar Model (SSM) were measured. Although this could be
the first indication of neutrino oscillation (νe disappearance), at that time an error on
the experimental measurements or in the SSM was assumed as possible explanation
of the observed deficit.

Another type of radiochemical experiments (Gallex [11], GNO [12] and SAGE
[13]), used 71Ga which interacts through the reaction 71Ga + νe → 71Ge + e−
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Fig. 2.3 The solar neutrino energy spectrum of each SSM production process. Reprinted figure
with permission from [9]

that has a threshold energy of 233 keV. Thus, the neutrinos from the pp-chain can
be detected, and the solar neutrino flux can be known model independent. These
experiments also found a deficit when comparing with the SSM prediction flux.
The Super-Kamioka Neutrino Detection Experiment (Super-Kamiokande or simply
SK) [14] measured the energy spectrum of solar 8B neutrinos. The observed spec-
trum was compared with the SSM prediction without oscillation, resulting in a poor
agreement at 4.6 % confidence level. While all these experiments, performed with
different techniques, confirmed the deficit in the solar neutrino flux, the theoretical
model uncertainty were excluded by a better understanding of the Sun, and this deficit
became the so called Solar Neutrino Anomaly.

The solar neutrino anomaly was only solved later by the Sudbury Neutrino Obser-
vatory (SNO) experiment [15, 16] using a heavy water (D2O) Čerenkov detector,
sensible to neutrino interactions through three different interaction processes:

• Elastic scattering (ES): νx + e− → νx + e− with x = e, μ, τ , involving all
neutrino types but with a different cross-section for νμ and ντ ;

• Charged current (CC): D + νe → 2p + e−, involving only electron neutrinos;
• Neutral current (NC): D + νx → p + n + νx , involving all neutrino flavour with

the same cross-section.

Naming φx the neutrino flux for the flavour x , ES allows to determine the flux
φES = φe + 0.155(φμ + φτ ), CC determines φCC = φνe and NC determines the
total flux φTot. = φe + (φμ + φτ ). Thus, the ratio of CC/NC can be interpreted as a
ratio of νe flux to the total flux of the three flavours. The measured fluxes are:
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Fig. 2.4 Flux of 8B solar neutrinos that are μ or τ flavour vs. flux of electron neutrinos deduced
from the three neutrino reactions, ES, NC and CC, in SNO (1 σ allowed region). The 8B expected
flux from the SSM is also shown. The bands intersect at the fit values for φe and φμτ , indicating
that the combined flux results are consistent with neutrino flavour transformation. Reprinted figure
with permission from [16]

φES = 2.35 ± 0.22(stat.) ± 0.15(sys.) × 106 cm−2s−1

φCC = 1.68 ± 0.06(stat.)+0.08
−0.09(sys.) × 106 cm−2s−1

φNC = 4.94 ± 0.21(stat.)+0.38
−0.34(sys.) × 106 cm−2s−1

These three different reactions measured three independent linear combination
of electron, muon and tau neutrino fluxes, as shown in Fig. 2.4. Such measurement
allowed to obtain clear evidence of solar neutrino transmutation in terms of νe →
νe,μ,τ , of which νe is only one third of the total. Moreover, the total initial νe flux
has been determined independently from theoretical model. Finally, since νμ or ντ

can not be generated in the SSM, the result of non-zero νμ + ντ fluxes is a strong
evidence of the neutrino oscillation.

2.5.1.2 By Long Baseline Reactor Neutrinos

The Kamioka Liquid Scintillator Antineutrino Detector (KamLAND) experiment
also played an important role in the determination of the solar oscillation parame-
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ters [17]. The KamLAND experiment, a 1 kton liquid scintillator detector located at
the Kamioka mine under 2,700 m.w.e (meters water equivalent), detected ν̄e emitted
by several nuclear power plants in Japan. The neutrino energy is of the order of few
MeV and the average distance between detector and reactors is of about 180 km (flux
weighted baseline). Given the mass squared difference measured by solar experi-
ments of ∼7.5 × 10−5 eV2, the oscillation phase, Eq. 2.15, is of the order of 1, which
provides a good condition for a precise measurement of the oscillation parameters.
The ν̄e detection is performed by the Inverse Beta Decay (IBD) process, described
in details in Sect. 3.2, where the neutron is captured by the scintilaltor’s Hydrogen
nucleus.

Results of the KamLAND experiment show a significant spectral distortion in the
final state positron energy spectrum, shown in the left plot of Fig. 2.5. The spectrum
expected in non oscillation scenario is rejected with a significance better than 5 σ .
The ratio of background subtracted ν̄e events to the non oscillation expectation is
shown in the right plot of Fig. 2.5. In addition, due to the Great East Japan Earthquake
of 2011, all the Japanese nuclear power plants were turned off for inspection, and
the KamLAND collaboration could improve its result by a longer and more precise
background measurement. This lead to a precise determination of the solar oscillation
parameters of

Δm2
21 = 7.54+0.19

−0.18 × 10−5 eV2 (2.16)

tan2 θ12 = 0.481+0.092
−0.080 (2.17)
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Fig. 2.5 Energy spectrum and survival probability of ν̄e from the KamLAND experiment. On the left
is the prompt event energy spectrum of ν̄e candidates corresponding to reactor spectra and expected
backgrounds incorporating the energy dependent selection efficiency (top panel). On the right is the
ratio of the background subtracted ν̄e spectrum to the expectation for non oscillation as a function
of L0/E , where L0 is the effective baseline taken as a flux-weighted average (L0 ∼ 180 km).
Reprinted figure with permission from [17]
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Results from a global three neutrino flavour oscillation analysis, combining both
solar and KamLAND results without any constrain to θ13, are shown in Fig. 2.6,
which gives the following best fit values,

Δm2
21 = 7.53+0.19

−0.18 × 10−5 eV2 and tan2 θ12 = 0.437+0.029
−0.026, (2.18)

and also sin2 θ13 = 0.023±0.015. These are the solar neutrino oscillation parameters
measurements with the best precision so far.

2.5.2 Measurement of Δm2
32 and θ23

The first measurement of Δm2
32 and θ23 has been performed by SK using atmospheric

neutrinos. Further measurements have been performed to confirm SK results by
K2K, MINOS and Opera long baseline experiments, using νμ produced by particle
accelerators.
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2.5.2.1 By Atmospheric Neutrinos

Atmospheric neutrinos are produced by cosmic rays interacting in the high atmo-
sphere producing mainly pions (π±) and kaons (K). The majority of charged pions
decay through the weak charged current π± → μ±νμ(ν̄μ). The muons subsequently
decay as μ± → e±νe(ν̄e)+ν̄μ(νμ) giving, as a first approximation, two muon neutri-
nos for each electron neutrino. Their energy spans from a few MeV up to several GeV.

Atmospheric neutrinos observed at different zenith angles have various flight path
lengths which vary from 10 to 30 km, for downward neutrinos, or up to 104 km, for
upward neutrinos, running through the Earth. Since neutrinos can be generated at
any point of the atmosphere, neutrinos of the same energy can travel very different
distances before reaching the detector, giving different oscillation probabilities. Thus
a detector able to distinguish muon neutrinos from electron neutrinos and also able
to recognise their incoming direction is necessary, and thus being sensitive for a wide
range of Δm2.

SK is a large water Čerenkov detector located in the Japanese Kamioka mine,
under 2,700 m.w.e. depth to shield the detector from cosmic rays. It contains about
50 ktons of water and it is surrounded by about 13,000 PMTs. Neutrinos undergo
charged current interaction producing charged leptons. The lepton is generally pro-
duced with relativistic energy and it is detected through the cone of Čerenkov light
produced as it travels through the detector. The flavour of the lepton is identified by
the sharpness of the Čerenkov ring. The position of the ring allows to determine the
lepton direction, which is correlated to the neutrino direction for energies larger than
∼1 GeV. The lepton energy could also be obtained from the amount of light collected
by the PMTs if the lepton stops into the detector. Even if the lepton energy is not
strongly correlated to the neutrino energy it allows to handle the energy dependence
of the oscillation probability. SK provided in 1998 the first firm evidence of neu-
trino flavour transition comparing the expected number of events with the observed
ones, as a function of the zenith angle. SK observed that there are twice as many
downward going νμ than upward going νμ, as shown in the left plot of Fig. 2.7. The
right plot shows the ratio between data and prediction at large L/E . The hypothesis
that νμ have interacted crossing the earth is not reliable because the earth is nearly
transparent for neutrinos with energy of about few GeV and a similar behaviour
should have also been found for νe. Moreover, since no excess of the electron neu-
trino flux has been found, the observed oscillation is attributed to the transition
νμ → ντ . As a result from the oscillation fit [9], a 90 % confidence level region
allows the following oscillation parameters

(1.9 < Δm2
32 < 3.0) × 10−3 eV2 and sin2 2θ23 > 0.90. (2.19)

2.5.2.2 By Accelerator Neutrinos

Long Baseline Neutrino Experiments use a muon neutrino beam from accelerators
at energies of a few hundred MeV to a few GeV, produced by pion decay, where
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the pions are generated from protons hitting on targets. These experiments have
been performed to be an independent measurement of neutrino oscillation seen in
atmospheric neutrino experiments. The oscillation parameters are measured through
νμ disappearance, P(νμ → νμ) = 1 − P(νμ → νx ), in a detector hundreds of km
far from the neutrino source.

The KEK to Kamioka (K2K) experiment in Japan used νμ produced from a pulsed
beam at The High Energy Accelerator Research Organization (KEK) and the 250 Km
far away SK detector. The average neutrino energy is slightly above 1 GeV. Given
the mass squared difference of about 2.5 × 10−3 eV2 measured with atmospheric
neutrino by SK, the oscillation phase is of the order of 1, which represent the best
condition to measure oscillation. K2K compared the νμ flux observed at SK with the
non-oscillated flux measured by a 1 kton water Čerenkov detector placed at about
300 m from the neutrino source. K2K excluded the non oscillation with a
confidence of 4.3 σ and, in a two flavour oscillation scenario, the allowed Δm2

region at sin2 2θ = 1, with 90 % C.L., is

(1.9 < Δm2
32 < 3.5) × 10−3 eV2, (2.20)

where the best fit value is Δm2
32 = 2.8 × 10−3 eV2 [21].

Another important experiment is the Main Injector Neutrino Oscillation Search
(MINOS), placed in the Sudan mine, 735 km far from a neutrino pulsed beam pro-
duced at Fermilab. The neutrino energy, 1–5 GeV, is higher than K2K to obtain an
oscillation phase of the order of 1. Like K2K, the initial flux is measured by a near
detector, L ∼ 1 km, and compared with the flux at the far detector to observe νμ

disappearance. Both detectors are based on magnetised steel and plastic scintillator
(alternating planes) tracking calorimeters, of 1 kton targe mass (27 ton fiducial) for
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the near detector and 5.4 kton (4.0 kton fiducial) for the far detector. The beam capa-
bility to switch between νμ to ν̄μ allows to measure oscillation parameters in case of
ν̄μ disappearance [22], and MINOS can also detect νe interaction through compact
electromagnetic showers and attempts measurement of νμ → νe oscillation, thus
θ13 [23]. With an exposure of 7.25 × 1020 protons on target, the ratio between the
observed energy spectrum with the prediction without oscillation is shown in the
bottom left plot of Fig. 2.8, where a clear sharp dip in the oscillation probability
around 1 GeV, as expected by the SK results, is present. A fit to the data results in

|Δm2
32| = 2.32+0.12

−0.08 × 10−3 eV2 and sin2 2θ23 > 0.90 at 90 % C.L. (2.21)

From the result in Eq. 2.18 together with the Δm2
32 value of Eq. 2.21, it is noticed that

Δm2
21 is significantly smaller than Δm2

32 and it is possible to make the approximation

Δm2
32 ≈ Δm2

31, since there is the relation of Eq. 2.11.
Another attempt to explore neutrino oscillation using particle accelerators is the

Oscillation Project with Emulsion-tRacking Apparatus (OPERA), installed at Italy’s
Laboratori Nazionali del Gran Sasso (LNGS). Instead of measuring oscillation para-
meters via νμ disappearance, OPERA is designed to explicit detect ντ appearance.
Direct observation of ντ would confirm the interpretation of SK results in terms
of νμ → ντ oscillation. The νμ beam, with a mean energy of about 17 GeV, is pro-
duced from a pulsed proton beam at CERN’s Super Proton Synchrotron (SPS), about
730 Km from Gran Sasso. The τ lepton produced by ντ charged current interaction
is detected through the topology of its decay in nuclear emulsion films. The expected
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signal statistics is not very high, and only three ντ have been observed (the absence
of a signal from νμ → ντ oscillations is excluded at 3.4 σ) since data taking started
in 2008 [25].

2.5.3 Measurement of θ13

The mixing angle θ13 is the smallest angle of the PMNS matrix. For this reason the
related oscillations have been the most difficult to observe. While several experiments
precisely measured the other two mixing angle, θ12 and θ23, only an upper limit of
θ13 was given by the Chooz experiment [26], as sin2 2θ13 < 0.15, not excluding a
non oscillation scenario. The value of θ13 become accessible just recently, in mid-
2011, thanks to the new generation of reactor and accelerator experiments, which
provide sensitivities to small mixing angle of about one order of magnitude better than
previous limits. Moreover reactor ν̄e experiments are complementary to long baseline
accelerator experiments in determining θ13, since they are insensitive to the violation
phase δCP, and the dependence from the solar mass split is weak. Furthermore, over
short baselines of about 1 Km the reactor ν̄e does not suffer from matter effects.

2.5.3.1 By Accelerator Neutrinos

Long baseline accelerator experiments are designed to detect the appearance of νe

from a νμ beam with energy from few hundred MeV to few GeV, using far detectors
at a few hundred km far from the neutrino source. This type of experiment has also
sensitivity to the CP violation phase and the neutrino mass hierarchy. However, there
are potentially parameter degeneracies leading to the following ambiguities:

• δCP − θ13 ambiguity;
• sign of Δm2

32 ambiguity;
• θ23 ambiguity.

In addition, accelerator experiments have to take into account matter effects on the
neutrino oscillation, shortly described in Sect. 2.3, to determine the θ13 value.

As said in Sect. 2.5.2.2, the MINOS experiments can also perform a νe appearance
measurement. With an exposure of 8.2×1020 protons on target, the expected number
of νe CC interactions on the far detector, based on the near detector data, was calcu-
lated to be 49.6 ± 7.0(stat.) ± (sys.), assuming no oscillation, while 62 events were
observed. Assuming δCP = 0,Δm2

32 = 2.32×10−3 eV2 and normal (inverted) hierar-
chy, the upper limit of θ13, at a 90 % C.L., was set as 2 sin2 θ23 sin2 2θ13 < 0.12(0.20),
while the θ13 = 0 hypothesis is disfavoured by the data at the 89 % C.L.

The Tokai to Kamioka experiment (T2K) uses a muon neutrino beam produced
at the Japan Proton Accelerator Research Complex (J-PARC), a segmented near
detector (L = 280 m) with a tracking system to precisely measure the non-oscillated
flux and the well known SK detector in order to directly measure the appearance of νe.
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The νμ beam is directed 2.5 degree away from the SK baseline of about 295 km. This
off-axis configuration lower the neutrino flux but provide a narrow energy spectrum
peaked at about 600 MeV. In summer 2011 T2K reported the observation of six νe

in the SK detector, with an expected background level of 1.5 ± 0.5 events, providing
a signal significance of about 2.5 σ [27]. The T2K results have been updated in the
beginning of 2013 with about more statistics and improved systematics uncertainty.
A total of 11 νe events have been observed in the SK detector, with 3.3 ± 0.4 expected
background events, as shown in Fig. 2.9. The background only hypothesis is rejected
with a significance of 3.1 σ , and a fit, assuming |Δm2

32| = 2.4×10−3 eV2, δCP = 0,
sin2 2θ23, and normal hierarchy, yields sin2 2θ13 = 0.088+0.049

−0.039.

2.5.3.2 By Short Baseline Reactor Neutrinos

The new generation reactor experiments, Double Chooz, Daya Bay and RENO aim
to measure θ13 by looking for distortion in the measured energy spectrum due to ν̄e

disappearance, in a similar way KamLAND did for solar oscillation. Since the phase
for θ13 oscillation is proportional to Δm2

31 � Δm2
32, about two order of magnitude

bigger than the solar mass split, the baseline for θ13 measurements has to be of the
order of 1 km, two order of magnitude smaller than KamLAND. The three reactor
experiments are similar in concept and design, while differ mainly in the number of
detectors and reactors and their relative positions. A near detector is used to compare
its data with the far detector. In this way, the uncertainties related to the ν̄e flux and
detection efficiencies can be largely suppressed. Details on the detector technology
and ν̄e are exemplified in the next chapters, where the Double Chooz experiment is
described in depth.

Daya Bay uses 6 detectors placed at different distances from 6 reactors, as shown
in Fig. 2.10, and started the data taking in September of 2011. Each of its detectors
has 20 tons of Gd loaded liquid scintillator and the reactors generates 2.9 Wth each.
They released their first result in early 2012 [29] using 55 days of data. This result
was updated later using 139 days of data, giving a measurement of θ13 as follows

sin2 2θ13 = 0.089 ± 0.010(stat.) ± 0.005(syst.), (2.22)

assuming a three neutrino framework and rejecting θ13 = 0 with a significance of
5.2 σ . More two detectors were installed in the year of 2013. Details of the Daya Bay
analysis, which is based on the detectors’ interaction rate, are given in Sect. 5.2.2.1.

RENO experiment uses two detectors, one near and one far from an array of 6
reactors, as shown in Fig. 2.11, and started the data taking in August of 2011. The
detectors contains 16 ton of Gd loaded liquid scintillator, and with 229 days of data
taking the collaboration also released their result on θ13 in early 2012. Based on the
observed rate on their two detectors, a fit to the data yields

sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.), (2.23)

http://dx.doi.org/10.1007/978-4-431-55375-5_5
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Fig. 2.9 Results of the T2K
experiment searching for
νμ → νe appearance. The
upper plot shows the data
and prediction reconstructed
energy distribution, and the
background expectation. The
solid line represent the best
fit spectrum assuming
δCP = 0 and normal
hierarchy. The bottom plot
shows the 68 and 90 % C.L.
regions for sin2 2θ13 scanned
over values of δCP assuming
normal (a) or inverted (b)
hierarchy. The best values of
sin2 2θ13 for the energy
spectrum and the rate
analysis are also shown.
Reprinted figure with
permission from [28]
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Fig. 2.10 Relative locations
of detectors and reactors of
Daya Bay Experiment. Scale
is approximate

Fig. 2.11 Relative locations
of detectors and reactors of
RENO. Scale is approximate

assuming a three neutrino framework and rejecting θ13 = 0 with a significance of
4.9 σ . An updated result with more statistics and improved analysis will be released
by the RENO collaboration soon.

The Double Chooz experiment, has its detector concept and design described in
full detail in Chap. 3. The first result from reactor experiment was released by Double
Chooz in November 2011 [30] and an updated analysis with major improvements
with twice the statistics was released in July 2012 [31]. One objective of this work
is to use the Double Chooz data in order to improve the θ13 measurement of

sin2 2θ13 = 0.109 ± 0.030(stat.) ± 0.025(sys.), (2.24)

using only a far detector, performing a new style of spectrum distortion analysis.
Finally, these new measurements of θ13 could provide further constrains on the

measurements of Δm2
21 and tan2 θ12, by a three flavour oscillation analysis [18].

Although it does not change the central value and 1 σ uncertainty of these parameters
(Eq. 2.18), this constrain improves the significance of the result, making a narrower
C.L. region, as it is possible to see in Fig. 2.12 when compared with Fig. 2.6.

The small, but non-zero, value of θ13 is a very good news for future neutrino
programs for δC P measurement.

http://dx.doi.org/10.1007/978-4-431-55375-5_3
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2.5.4 Measurement of Δm2
31

The mass squared difference Δm2
31 can be measured by energy spectrum distortion

and baseline dependence of the reactor-θ13 experiments. The neutrino oscillation
probability going to the same flavour, expressed by Eq. 2.9, can be re-written in
terms of the oscillation angles and squared mass difference, for ν̄e, as follows

P(νe → νe) = 1 − sin2 2θ13

(

c2
12 sin2 Δm2

31L

4E
+ s2

12 sin2 Δm2
32L

4E

)

+ O(10−3).

(2.25)
On the other hand, the survival probability of high energy νμ which is produced by
accelerator is,

P(νμ → νμ) = 1 − sin2 2θ23

×
(

(s2
12 + s13t23 sin 2θ12 cos δ) sin2 Δm2

31 L
4E

+ (c2
12 − s13t23 sin 2θ12 cos δ) sin2 Δm2

32 L
4E

)

+ O(10−2).

(2.26)

Usually oscillation data is analysed assuming two flavour oscillation formula,
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P(να → να) = 1 − sin2 2θ sin2 Δm̃2L

4E
, (2.27)

and the measured mass square difference corresponds to a weighted mean of
∣
∣Δm2

32

∣
∣

and
∣
∣Δm2

31

∣
∣ [32],

Δm̃2
31 = c2

12

∣
∣
∣Δm2

31

∣
∣
∣ + s2

12

∣
∣
∣Δm2

32

∣
∣
∣ and

Δm̃2
32 = (s2

12 + s13t23 sin 2θ12 cos δ)

∣
∣
∣Δm2

31

∣
∣
∣

+ (c2
12 − s13t23 sin 2θ12 cos δ)

∣
∣
∣Δm2

32

∣
∣
∣ , (2.28)

where ti j = tan θi j . They are called effective Δm2. Note that Δm̃2 is not a difference
of the mass square and is positive definite. Since there is a relation

Δm2
31 = Δm2

32 + Δm2
21, (2.29)

in the standard three-flavor scheme, the difference between Δm̃2
31 and Δm̃2

32 is
expressed as follows

2(Δm̃2
31 − Δm̃2

32)

Δm̃2
31 + Δm̃2

32

∼ ±(1 − s13t23 tan 2θ12 cos δ) × 2 cos 2θ12|Δm2
21|

|Δm2
31| + |Δm2

32|
∼ ±0.012 × (1 ± 0.3), (2.30)

where the overall sign depends on mass hierarchy, and the ±0.3 term comes from
the ambiguity of cos δ. If Δm̃2

31 > Δm̃2
32, it is normal hierarchy, and vise versa.

In order to distinguish the mass hierarchy cases, it is necessary to distinguish the
separation of 1.7–3.1 % depending on δ. Δm̃2

32 has been measured with precision of
∼3.5 % [33]. So far there has been no reported measurement of Δm̃2

31 and this work
proposes to measure it for the first time. If the difference between Δm̃2

31 and Δm̃2
32

is larger than 1.6 %, it can not be explained by the standard three flavour oscillation
scheme. If both Δm̃2

31 and Δm̃2
32 are measured with a 1 % accuracy or better in the

future, the mass hierarchy and cos δ can be measured.

2.6 Neutrino Mass

As highlighted in Sect. 2.1,SM neutrinos are not allowed to acquire masses through
the Higgs mechanism because they exist only in the left-handed chiral state (right-
handed for anti-neutrinos). However, experimental evidence of neutrino oscillations
imply the neutrino must be a massive particles. Further hints of a non-null neutrino
mass can be investigated independently from neutrino oscillation. In particular, exper-
iments looking for distortion induced by massive neutrinos on the beta decay end
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point of tritium, 3H →3He + e− + ν̄e, set a limit ν̄e mass below 2 eV [34]. Similarly,
the observation of the cosmic microwave background and the density fluctuations,
and other cosmological measurements, put a combined upper limit on neutrino mass
around 0.5 eV [35], which is six orders of magnitude smaller than the electron mass.

Given the evidences of neutrinos being massive particles, it is necessary to extend
the SM to include neutrino masses. The most simple extension of the SM is
to add a right-handed neutrino singlet. In this case, neutrino masses are acquired
through the Higgs mechanism, like all other fermions:

LD � −m D ν̄LνR + h.c. (2.31)

m D is the so called Dirac mass term and has the same form of the fermion masses
in Eq. 2.3:

mν = v√
2
Γν. (2.32)

With this model the Yukawa coupling constant Γν � mν/v needs to be of the order
of 10−12, which is far too small compared to the other fermions (Γe � 0.3 × 10−5)
and it is commonly considered as unnatural.

Since neutrinos do not have electromagnetic charge, they could be described in
term of a Majorana particles:

νc = C ν̄T ≡ ν, (2.33)

where νc = C ν̄T is the charge conjugate of the field νc, and C is the charge conju-
gation. Considering a left-handed Majorana particle, ν = νL + νc

L , a Majorana mass
term of the form:

LD � −mM ν̄c
LνL + h.c. (2.34)

could be considered. It should be noted that the Majorana mass term involves left-
handed neutrino only and is not gauge invariant, mν̄cν → mν̄cei2αν, violating lepton
flavour number by two units.

The smallness of the neutrino mass term is no longer dependent on the unnatural
Yukawa coupling constant, but nonetheless a mass term for a left-handed neutrino is
not allowed by the SM because it implies an Higgs triplet with isospin one.

Once a right-handed neutrino is introduced to obtain a Dirac mass term, a Majorana
mass term could also be obtained in case the right-handed neutrino is Majorana
particle. The most general mass term can thus be written as mix of Dirac and Majorana
term:

LD+M = LD + LMR + LML

= −m D ν̄LνR − mMR ν̄c
RνR − mML ν̄c

LνL + h.c. (2.35)
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which can be written as

LD+M = −1

2

(
ν̄c

L ν̄R
)
(

mL m D

−m D m R

) (
νL

ν̄R

)

+ h.c. (2.36)

The term mL is the left-handed neutrino Majorana mass, m R is the right-handed neu-
trino Majorana mass and m D is the Dirac mass. The mass matrix can be diagonalised
in term of the mass eigenstate:

νL = cos θν1 + sin θν2 (2.37)

νc
R = − sin θν1 + cos θν2 (2.38)

with eigenstate m1,2

m1,2 = 1

2

(

mL + m R ±
√

(mL − m R)2 + m2
D

)

(2.39)

and

tan 2θ = 2m D

m R − mL
. (2.40)

Since the left handed Majorana mass term requires an Higgs triplet, in the minimal
SM extension, mL is usually set to zero. The right-handed Majorana neutrino is
an electroweak singlet acquiring a mass independently from the Yukawa coupling.
In the limit where mL = 0 and m R � m D:

tan 2θ � 2m D

m R
� 0, m1 � m2

D

m R
and m2 � m R, (2.41)

with one light left-handed neutrino and one heavy right-handed neutrino:

ν1 � (νL − νc
L), (2.42)

ν2 � (νR + νc
R). (2.43)

This is the so called see-saw mechanism, which involves two Majorana particles: a
very heavy right-handed neutrino and the observed light left-handed neutrino. The
smallness of the observed neutrino mass could then be explained in terms of a Dirac
mass of the order of the electroweak energy scale, without the unnatural Yukawa
coupling constant, and a much bigger Majorana mass term. The term m R is generally
related to the grand unification scale around the Planck scale at 1016 eV.

The Dirac or Majorana nature of the neutrino is not yet known. Experimentally it
is possible to investigate this question through processes violating the lepton number
like the neutrino-less double beta decay, which violates the lepton quantum number
by two units. Many experiment are currently, or will soon, searching the neutrino-less
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double beta decay, CUORE [36], GERDA [37], EXO [38] and SUPER-NEMO [39],
but no signal has been observed up to now.

2.7 Neutrino Anomalies

So far neutrino oscillation is well established in terms of a three flavour framework.
However, there are some experiments whose results are not explained by this frame-
work and might require the introduction of an extra sterile neutrino, i.e., a neutrino
not participating in the SM interactions.

The first evidence of more than three neutrino flavours came from the Liquid
Scintillator Neutrino Detector (LSND) experiment [40]. Using a ν̄μ from pion decay
detected in a liquid scintillator, LSND found >3 σ evidence of ν̄μ → ν̄e transition
which would require a mass splitting of about 0.2 eV2, larger than the atmospheric
one. The LSND anomaly has been tested by the Fermilab’s MiniBooNE (Mini
Booster Neutrino Experiment) in both neutrino and antineutrino mode. The results
obtained in the neutrino mode disfavour most of the parameter space defined by
LSND but were not conclusive [41]. The results obtained in the antineutrino mode
instead were consistent with LSND signal and consistent with a mass split of between
0.1 and 1 eV2 [42]. Further hints of the existence of sterile neutrinos came from mea-
surements of neutrino fluxes from intense radioactive sources in the GALLEX [43]
and SAGE [44] detectors. An unexpected reduction of the νe flux consistent with νe

disappearance has been found at 2.7 σ . The interpretation in terms of sterile neutrino
oscillation indicates a value for the squared mass difference of about 0.35 eV2.

Recent re-evaluation of the expected antineutrino flux from nuclear reactor indi-
cates that the measured flux is about 6 % below the prediction with 3 σ significance,
as shown in Fig. 2.13. Even if such a deficit could still be due to some unknown effects
in the reactor neutrino production or a non accurate knowledge of the fission product
contribution to the antineutrino spectrum, it is consistent with ν̄e flux suppression
due to sterile neutrino oscillation with mass split of about 2.4 eV2.

In summary, there are hints compatible with the existence of sterile neutrinos
from several experiments, using different sources and detection technique, but none
of them could claim a discovery. Many experiments have been proposed for sterile
neutrino search and an exhaustive list can be found in [46].

2.8 Summary and Open Questions

Over the last twenty years many experimental efforts have provided clear confir-
mation that neutrinos are massive particle and that there is mixing between flavour
and mass eigenstates. The solar neutrino anomaly has been solved by SNO and
KamLAND experiments, and the missing solar neutrino flux is interpreted within
the neutrino oscillation scenario, of three neutrino flavours. Atmospheric neutrino
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Fig. 2.13 Illustration of the short baseline reactor antineutrino anomaly. The experimental results
are compared to the prediction without oscillation, taking into account the new antineutrino spectra,
the corrections of the neutron mean lifetime, and the off-equilibrium effects. The red line shows
a possible 3 active neutrino mixing solution, with sin2 2θ13 = 0.06. The blue line displays a
solution including a new neutrino mass state, such as |Δm2

new| � 1 eV2 and sin2 2θnew = 0.12, for
illustration purpose. Reprinted figure with permission from [45]

oscillations has been characterised by SK and K2K and MINOS long baseline accel-
erator experiments. The observed disappearance of atmospheric neutrinos also has
been interpreted in terms of oscillations. The latest mixing angle, θ13 was finally
measured by reactor and accelerator experiments, and it is currently under precision
determination era.

With the current characterisation of the PMNS matrix, new measurements will
be possible in order to improve the current knowledge and to complete neutrino
oscillation picture concerning the still open questions:

• Which is the value of the CP-violating phase, δC P ? It can be measured in long
baseline experiments, studying the oscillation probability asymmetries between
neutrino and antineutrinos.

• What is the neutrino mass hierarchy? The matter effect could be used in long
baseline experiments to measure the sign of Δm2

32 and establish the neutrino mass
hierarchy. This also can be done by reactor experiments with a baseline of ∼50 km.

• What is the sign of cos 2θ23? By the combination of reactor ν̄e and both accelerator
νμ disappearance and νe appearance. The degeneracy on the measurement of θ23
at accelerator experiment will be broken by the reactor θ13 measurement which
does not depend on the first. Therefore, a discrimination of the fraction of νμ and
ντ contained by the mass state ν3 will be possible to be performed.

Beyond neutrino oscillations, neutrinos absolute mass scale determination, their
Dirac or Majorana nature understanding, and the confirmation or not of the exis-
tence of a fourth sterile neutrino, are also current challenges for the neutrino physics
community.
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