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Abstract

In the last decades, a very important breakthrough
has been brought in the elementary particle physics
by the discovery of the phenomenon of the neu-
trino oscillations, which has shown neutrino prop-
erties beyond the Standard Model. But a full un-
derstanding of the various aspects of the neutrino
oscillations is far to be achieved. In this paper the
theoretical background of the neutrino oscillation
phenomenon is described, referring in particular to
the paradigmatic models. Then the various tech-
niques and detectors which studied neutrinos from
different sources are discussed, starting from the pi-
oneering ones up to the detectors still in operation
and to those in preparation. The physics results are
finally presented adopting the same research path
which has crossed this long saga. The problems
not yet fixed in this field are discussed, together
with the perspectives of their solutions in the near
future.

1 Introduction

Neutrino studies brought us to some of the most
relevant breakthroughs in particle physics of last
decades. In spite of that, the neutrino properties
are still far to be completely understood.

The discovery of the oscillation phenomenon pro-
duced quite a revolution in the Standard Model
of elementary particles, especially through the di-
rect evidence of a non-zero neutrino mass. The
first idea of neutrino oscillations was considered

by Pontecorvo in 1957 [I], before any experimen-
tal indication of this phenomenon. After several-
decades lasting saga of experimental and theoreti-
cal research, many questions are still open around
the interpretation of this phenomenon and on the
correlated aspects, on the oscillation parameters,
on the neutrino masses, on the mass hierarchy, on
CP violation in the leptonic sector, and on a pos-
sible existence of a fourth, sterile neutrino.

The generally accepted MSW model [2] [3] to in-
terpret solar neutrino oscillations is presently vali-
dated for the oscillation in vacuum and in matter,
but not yet in the vacuum-matter transition region.
The shape of this transition could be influenced in
a relevant way, as suggested by various theories go-
ing beyond the Standard Model as for example, the
Non-Standard neutrino Interactions and a possible
existence of a very light sterile neutrino. For this
reason, the transition region deserves further and
refined experimental studies.

Checks on the neutrino oscillations are under
way through several experiments in data-taking
phase, while few others are in preparation or
even construction. These projects exploit var-
ious approaches, as for example neutrino-flavor
disappearance and appearance, short and long
source-to-detector baselines and measure neutri-
nos and/or antineutrinos of various origin, as the
solar, atmospheric, accelerator, geo, and reactor
(anti)neutrinos.

Neutrinos interact with matter only through
weak interactions and thus, they can bring to
the observer almost undistorted information about



their source. For example, by studying solar neutri-
nos and geo-neutrinos, we gather information not
only about the character of neutrino itself but also
about the Sun’s and the Earth’s interior.

This paper consists of five sections. In the fol-
lowing Section [2| the theoretical aspects of neu-
trino oscillations are reviewedﬂ. The principles
and the structures of the detectors employed in
neutrino-physics experiments are discussed in Sec-
tion Bl The most important milestones and the
results of neutrino-physics experiments are summa-
rized in Section [4. We briefly discuss the opened
problems of neutrino physics and what can be ex-
pected in the near-future of this exciting research

field in Section [l

2 Neutrino Oscillations

In the Standard Model (SM) neutrinos are neutral,
massless fermions. They only interact with other
particles via weak interactions, which are described
by the charged current (CC) and neutral current
(NC) interaction Lagrangians:
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In the above relation, g is the SU(2), gauge cou-
pling constant, 6y is the weak angle and the

charged and neutral currents jgc and j}fc are given
by:

jEC = 2 Z ﬁgL’}/ng—i‘..., (3)
l=e,u,T
j}jc = Z VL Yp Ve + .-, (4)
l=e,u,T

where ¢ are the charged lepton fields and we have
written only the terms containing the neutrino
fields vy.

If neutrino have non-zero masses, the left handed
components vy, of the neutrino fields with definite
flavor « (that enter in the CC current definition)
can be a superposition of the left handed compo-
nents v;1, of the neutrino fields with definite masses

IFor a more detailed discussion, see e.g. [4, 5, 6].

m;. Assuming that neutrinos are ultra-relativistic,

we havdl
N
Val, = E Uoci VL
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where U is an unitary matrix. By considering that
a field operator creates antiparticles, this implies
that a flavor eigenstate |v,) is a superposition of
different mass eigenstates |v;), according to:

N
va) =) Usiva)
i=1

For antineutrinos, we obtain correspondingly:

(5)

(6)

o) = 3 Uai [7) (™

In principle, the number N of massive neutrinos
can be larger than three. In this case, however,
we must assume that there are sterile neutrinos,
i.e. light fermions that do not take part to stan-
dard weak interactions and and thus are
not excluded by LEP results according to which
the number of active neutrinos coupled with the
W= and Z boson is N, = 2.984 + 0.008 [7].

In the assumption of 3 massive neutrinos, the
neutrino mizing matrix U can be expressed in
terms of three mixing angles 65, 693 and 63 and
one Dirac-type CP phase ¢ according toﬂ

U = Rys (623) T (6) Ri3 (613) I'" (0) Riz (612)  (8)
where R;; (0;;) represents an Euler rotation by 6;;
in the 75 plane, and:

I'(6) = diag (1,1,€") . (9)

In components, the mixing matrix U is expressed

2In this section, we use Greek letters (o and ) to refer
to neutrino flavors and Latin letters (¢ and j) to refer to
neutrino masses.

3We are considering here the assumption that neutri-
nos are Dirac particles. In the case of Majorana (or Dirac-
Majorana) mass terms, the most general form of the mixing
matrix contains two additional phases and it is obtained by
U — U - Uy where Uy = diag (1,1, e%2), see e.g. [4, .
The Majorana phases ¢1 and ¢2, however, have no observ-
able effects on neutrino oscillations [§].
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where ¢;; = cost;; and s;; = sinf;;. We indicate
with Am; = m; —m3. As it is usually done, we
order the neutrino masses such that Am3, > 0 and
Am3, < |Am3,|. With this choice, the ranges of
mixing parameters are determined by:

0 < 01, ba3, b13 < /2 0<0<2rm

(11)

The sign of Am3, determines the neutrino mass
hierarchy, being Am3; > 0 for normal hierarchy
(NH) and Am3, < 0 for inverted hierarchy (TH).

2.1 Neutrino evolution equation

The evolution of a generic neutrino state |v(t)) is
described by a Schrédinger-like equation:

dlv(t))
dt

= Hv(t)) (12)

where H represents the Hamiltonian operator. The
above equation can be expressed in the flavor eigen-
state basis {|v,)}. We obtain:

dv9(t)
dt

= HO O (1) (13)

where v()(¢) is the vector describing the flavor con-
tent of the neutrino state |v(t)) given by:

V(1) = (ac(t), a,(t), ar(t),...)"

(14)
with a,(t) = (va|v(t)), and the matrix H; is given
by:

f
HY) = (va| Hvg) . (15)

In vacuum, the neutrino Hamiltonian H,,. is de-
termined in terms of neutrino masses and mixing
parameters. We have, in fact:

HY — gyt

vac vac

(16)

where Héﬁi’ is the representation of the vacuum

Hamiltonian in the mass eigenstate basis, given by:

Hv(;nC) = diag<\/ﬁ2+m%,...,\/ﬁ2+m?\,>
— 1 .
~ |p|+ Tﬁ’dlag (mi,...,m%) . (17)

In the last equality, we adopted the ultra-
relativistic approximation F ~ |p| + m?/2|p| and
we implicitly assumed that the neutrino state |v(t))
can be described as a superposition of states with
fixed momentum p. This corresponds to the so-
called plane-wave approximation which is adequate
to describe neutrino evolution when coherence of
the different components of the neutrino wave
packet is not lost in the detection and/or propa-
gation processed}

The presence of a matter can affect neutrino
propagation in a non trivial way. In fact, as it was
first realized by [2], when a neutrino propagates
through a medium, its dispersion relation (i.e. its
energy-momentum relation) is modified by coher-
ent interactions with background particles. This
phenomenon, that in optics is accounted for by in-
troducing a refractive index, can be described by
adding an effective potential V' in the evolution
equation, so that:

dlv(t))

g—rr

2 = (Hoe 4 V) o0

(18)

In the SM, the effective potential is diagonal in the
flavor basis. We thus have:

VW = diag (V,V,,, V+,0,...) (19)
where we have taken into account that sterile states
do not interact with the medium. At low energies,
the potentials can be evaluated by taking the aver-
age (Hem) of the effective four fermion Hamiltonian

due to exchange of W and Z bosons over the state
describing the background medium. We have:

Het = Hoe + Hne (20)

4For a wave-packet description of neutrino oscillations
see e.g. [4]
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where Gp is the Fermi constant, ¢ and g% are
the vector and axial vector coupling constants of
the various background particles and we have per-
formed a Fierz reshuffling of the fields, see [4, @].
In the above equations, it is taken into account
that normal matter does not contain muons and
taus and, consequently, the CC interactions with
the medium only affect electron neutrino propaga-
tion. For non relativistic unpolarized medium, one
obtains:

Vo = Acc 0ae + Anc (23)
where the CC contribution:
ACC = \/§GF (ne — ng) (24)

is proportional to difference between the number
densities of electrons and positrons. The NC con-
tribution Anc is equal for all active neutrino flavors
and it is given by:

Avo — %u — 42 [(ny — ) — (e — 1))
Gr
— E (N, — nz) (25)

where sy = sinfy, while n, and n,, (n; and ny)
are the number densities of protons and neutrons
(anti-protons and anti-neutrons), respectively. In
neutral matter, it necessarily holds (n. —ng) =
(n, — np) that implies that the first term in the
r.h.s of the above equation vanishes. Moreover, in
the absence of sterile neutrinos, the neutral current
contribution to the total Hamiltonian is propor-
tional to the identity matrix. As a consequence,
it only introduces an overall unobservable phase
factor in the evolution of »®)(¢) and, thus, can be
neglected.

Finally, the evolution equation for antineutrinos
is obtained by replacing U — U* in Eq. and

V — =V in Eq. . We, thus, understand that
CP-violating effects are absent in neutrino oscilla-
tions, if the mixing matrix is real (i.e. U = U*)
and neutrinos propagate in vacuum or in a CP-
symmetric medium (i.e. V = 0).

2.2 Oscillations in vacuum and in
matter

In formal terms, neutrino oscillations are easily de-
scribed. Let us assume that a neutrino flavor v, is
created at a time t; = 0. In the flavor eigenstate
basis, this state is represented by a vector:

vD(0) = (ac(0), a,(0), a,(0),...

with components ag(0) = dg,. After a time interval
t, the neutrino propagated to a distance z ~ t and
its flavor content has evolved according to:

)" (26)

(27)

where the evolution operator is given by:

€T
SOy =T {exp (—z/ dx’ H(f)(x')>} (28)
0
and T represents the time-ordering of the exponen-
tial. In the presence of neutrino mixing and if neu-
trino masses are not degenerate, the Hamiltonian
H® is not diagonal. Thus, flavor is not conserved
and components § # « can appear as a result of
the evolution. The probability to detect a neutrino
flavor v4 at a distance L from the neutrino produc-
tion point is given by:

2

(29)

(e}

P (va = vg) = lag(L)” = |S{(L)

In the following, we discuss the expectations for
P (v, — vg) in few relevant cases.

Vacuum neutrino oscillations.
In vacuum, the neutrino Hamiltonian H is con-
stant. The evolution operator can be explicitly

calculated as:
SO = syt (30)

where S™) is the evolution operator in the mass
eigenstate basis given by:

S(m) = diag (exp(igzﬁl), s 7eXp(i¢N>> (31>



with ¢; = —m?2 x/2|p]. The probability to observe
the oscillation v, — vz over a distance L is thus
given by:

P(vo —vg) =Y [Usi Ul Us; Uay) exp (ighi;)
i\j
(32)

where ¢;; = [(m? —m?) L] /2E and we considered
that for a relativistic particle E = |p].

The above expression can be recast in few alter-
native forms that are useful to discuss the property
of neutrino oscillations. We obtain, e.g.:

Pvoa—vg) = Y |Usil’ [Uail* +

+2Re | Y Uy Uz, Us; Uagexpliy) | (33)
i>j
that gives the oscillation probability as the sum
of a constant and an oscillating term. The oscil-
lating part averages to zero if the phases ¢;; vary
over ranges A¢g;; > 1, as it can be due e.g. to a
spread of the neutrino energy F and/or the neu-
trino baseline L. The constant part represents the
"classical”’ limit that is obtained by neglecting in-
terference among the different components of the
neutrino wave-packet and by combining probabili-
ties, rather than amplitudes, to derive P (v, — vg).
Alternatively, we can write:

P (I/a — I/ﬁ) = 5aﬁ
~4 " Re [Us Uz, Up; Uay] sin(4/2)
i>7
2 Z Im [Ug; Uz, U, Usy| sin(ei;)  (34)
i>7

The first two terms in the r.h.s. of the above
equation do not change for U — U* and describe
the CP-conserving part of the neutrino oscilla-
tion probability. The last part, instead, changes
sign introducing a difference between neutrino and
antineutrino oscillation probabilities that can be
quantified as:

P(ﬁa%ﬁﬂ)—P(Va—)I/g) =
4> "I [Ugi Uz, Up; Uay] sin(i;)  (35)
i>j
For @ = f3, this term vanishes showing that CP

asymmetry can be measured only in transitions be-
tween different neutrino flavors.

If we assume two neutrino mixing, i.e. we
take only one non-vanishing mixing angle 6;; in
Eq. , the oscillation probability reduces to the
well known expression:

Am? L
) @

4F

P (vy — vg) = sin® (260;;) sin® (

where o # 8 and the involved flavors depends on
the mixing angle Gijﬂ The survival probability for
the case a = [ can be simply deduced by consid-
ering that, due to unitarity of the mixing matrix,
it always holds > ; P (vo — vg) = 1 that, in this
specific case, gives:

2
P (vy — o) = 1 —sin® (26;;) sin® <A;ng L) :

(37)
Eq. describes an oscillating function of L.
The amplitude of the oscillation is determined by

sin?(26;;) while the oscillation length is given by:

I A7 B E[MeV]

= =248
AN [AmZ eV

(38)
The oscillation probabilities are unchanged when
AmZ; — —Amg; or 6;; — m/2 — 6;; showing that
two neutrino oscillations in vacuum do not probe
the hierarchy of the masses m; and m; (i.e. the
state 1; and v; can be interchanged with no effect
on Egs. (36]37)).

In the three neutrino case, useful expressions can
be derived in the approximation of one-dominant
mass scale (i.e., Am3, < |Am| ~ |AmZ,)|)
that is motivated by the fact that the mass differ-
ence required to explain the atmospheric neutrino
anomaly is much larger than that required to solve
the solar neutrino problem. In this assumption,
one obtaindt

Pve—v,) = 534 8i0% 2613 Sh3

+ 033 sin?2615 S1 — Pcp  (39)
P(ve = v,) C55in® 2013 So3

+ 8535107 2015 S1o + Pop  (40)

P(v, = v,) = ciysin® 203 Soz
- 533633 SiIl2 2912 512 - PCP (41)

5In the assumption of two neutrino mixing, an angle
012 # 0 induces v. — v, oscillations; 613 # 0 induces
ve — vy oscillations; 623 # 0 induces v, — v, oscillations.

6Note that, due to CPT-invariance, it holds
P(l/g — l/a) = P(Pa —)Uﬁ)



where, following [0], we adopted the notation Sy =
sin?(Am2, L/4E) and S;5 = sin®(Am2, L/4F) and
we set 013 = 0 in the coefficients of the Si terms.
The CP-violating part Pcp, that enters with oppo-
site sign in the corresponding expressions for an-
tineutrinos, is given by:

_(Am3 L\ ., [(Am3 L
Pcp = 8J sin (T) sin (T) (42)

where:

J = % sin(26015) sin(26,3) sin(26;3) cos(613) sin(d)
(43)

showing that CP-violation is observed in neutrino
oscillations only if all the angles and all the mass
differences are non vanishing. The magnitude of
CP-violating effects depends of the phase ¢, being
maximal for § = 7/2 and ¢ = 37/2.

The survival probabilities P (v, — v,) =
P (v, — 7,) are given by [0]:

P(v. = v.) = 1—sin®20;3553
— ¢j38in® 2015 Siy (44)
P, —v,) = 1—4ci3s55 (1 — ci3s33) Sos
—Chysin® 2015 S1o (45)
Pv, = v;) = 1—4¢4655 (1 — ci3¢33) Sas

— 833 Sin2 2912 512 (46)
We note that, at this level of approximation,
there is no sensitivity to neutrino hierarchy since
the oscillation probabilities do not depends on the
sign of Am3,. Moreover, in the limit 6,3 — 0, the
”atmospheric” mass scale Am3, does not produce
observable effects on electron neutrino oscillations
that can be regarded as two neutrino oscillations,
driven by the ”solar” mass difference Am3,, be-
tween v, and the mixed state v,, = cp31, — S23 V.
This conclusion also holds in presence of matter.

Neutrino oscillations in matter
The evolution of neutrinos in matter is complicated
by the fact that the properties of the medium can
change along the neutrino trajectory, thus giving a
non-constant Hamiltonian. The evolution equation
reads:

dv® ()

i = [HO +VO@)] VO )

(47)

where, if we neglect sterile neutrinos, the only non-
vanishing entry of the matrix V' (x) i:

(V)ee = £V2Grne (). (48)

%N

Here, the ”+” sign refers to neutrinos while the
sign refers to antineutrinos.

It is convenient to diagonalize the Hamiltonian
at each point of the space and discuss the evolution
in the basis of the local mass eigenstates defined by
the relation:

v (@) = Ula) ™ (2) (49)
where U (z) is the unitary matrix that gives:
A+ VO (@) = 0@ T @) (50)
with
M?(z) = diag (3 (z),. .., m%(z)) (51)

In this basis, the evolution equation becomes:

2
2F

dp/(®)
A(@)

dx

dU (z)

iUt () g v () (52)

We see that the non diagonal entries, that may
cause the transitions between the local mass eigen-
states, are proportional to the derivative of U(x)
whose magnitude is essentially determined by the
rate of change of the electrons number density in
the background medium.

This observation can be used to introduce the
so-called adiabatic approximation that applies with
good accuracy to the case of solar neutrino oscil-
lations. Let us indicate with Eij ~ ArE/ |Aﬁz?j
the length scale over which the components of the
neutrino wave packet with mass m; and m; ac-
quire a phase difference A®;; = 27. If we assume
that the various fLU are much smaller than the dis-
tance over which the medium change its properties
D = (dInn.(x)/dx)~t, the second term in the r.h.s
of Eq. can be neglected. Thus, the components
of the vector »™ (x) remain constant (in magni-
tude) during the evolution, even if the decompo-
sition of ¥ (z) in the flavor basis changes along

7 We omit the NC contribution to matter potential that,
in the absence of sterile neutrinos, is proportional to the
identity matrix. We also assume that the number density
of positrons is negligible. See sect for details.



the neutrino trajectory as results of the variations
of n.. If the length scales Eij are also much smaller
than the baseline L over which neutrinos propa-
gate, the oscillation probabilities P (v, — v3) only
depends on the properties of U(z) at the produc-
tion point x;, and at the detection point z4. They
can be, in fact, deduced by combining incoherently
probabilities of production and detection, obtain-
ing:

2 2

Usi(za)

P (va — vg) = j{:‘iﬁn(xp) (53)

We now consider the specific case of v, produced
by nuclear reactions occurring at the center of the
Sun. Let us calculate the electron neutrino survival
probability, by first considering a two neutrino sce-
nario in which only 615 # 0. The effective mixing
angle in matter 512 can be calculated as:

Sin(?@lg)

sin(265) =
( 12) \/sin2(26’12) + 02

(54)

while the difference between the effective neutrino
masses is given by:

Arh%l = mg — ﬁﬁ = Am§1 \/Sin2(2912) + C? (55)
with

2v2Gy ne(z)E

2
Ams,

C(z) = cos(2015) — (56)

Matter effects break the degeneracies Am3; —
—Am3, and 0, — /2 — 65 probing the hierar-
chy in the 1-2 neutrino sector. In particular, when
Am3, > 0 and 65 < 7/4 the system has a res-
onance. It exists, in fact, a value of the electron
number density, defined by the condition:

Am2, cos(2015) = 2vV2Gr n E (57)
for which the local mixing is maximal (i.e. 9~12 =
7/4) while the mass difference Am?3, reaches the
minimal value Am2, = Am2,sin(201,). As it was
discussed by [3], if the resonance region is suffi-
ciently wide, it is possible to achieve a total con-
version of v, into neutrinos of different flavors.
This mechanism is called the MSW effect. Con-
sidering that the electron density in the Sun is

ne S 1026 cm™3 and the typical solar neutrino en-

ergies are ' =~ 1 MeV, the resonance condition re-
quires Am2, cos(2615) < 107°eV?.

The evolution equation in the local mass eigen-
state basis becomes

Z,dl/(‘h)(x)
dz

1 m? . —df x -
— {ﬁ ( 01 fgg) +i (délg/dx d912(<d ﬂ V) ()
(58)

and the adiabaticity condition can be explicitly ex-
pressed as:
V() >1 (59)

where the adiabaticity parameter ~v is given by the
ratio between the differences of diagonal elements
and off-diagonal elements of Eq. (58):

délg/dl’

If condition is fulfilled, the electron neutrino
survival probability can be calculated through

Eq. obtaining:

Plve —v,) =

(60)

-

= % + % cos(2615) cos(2615) (61)
where 6, indicates the mixing angle at neutrino
production point and we assumed that neutrinos
are detected in vacuum.

In order to understand the specific features of
P(ve — v,), it is useful to define a transition energy
E*, given by:

~ Amj; cos 26y,
2\/§GF Ne,®

where n. is the electron number density at the
center of the sun. For £ < E*, matter effects are
negligible and Eq. reduces to:

*

(62)

P@,%%J:1—%ﬁﬁ@mg (63)
that, in fact, corresponds to vacuum averaged neu-
trino oscillations. For E > E*, matter potential
becomes dominant so that "heaviest” mass eigen-
states in the center of the sun coincides with v,.
As a consequence, we obtain cos(26;5) = —1 and:

P(ve — v,) = sin®(f;) (64)



For the value of 01, and Am3, currently favored by
neutrino oscillation analysis (see sect/d)), the tran-
sition energy E* is approximately E* ~ 1.2 MeV.

The violations of adiabaticity can be taken into
account by introducing the crossing probability Pc
that represents the probability of a transition be-
tween the local mass eigenstates during the neu-
trino evolution. If P, # 0, the electron neutrino
survival probability becomes:

Pve —v.) =
1 1

=S+ (5 — Pc) cos(2612) cos(2612)  (65)

There are different approaches to calculate Po. For
several cases of interest, the following expression
holds (see e.g. [10, 11, [6] and references therein):

P — ' (66)

where 7 is the minimal value of v(z) along the neu-
trino trajectory ] and the parameter F' depends on
the adopted electron density profile. In particular,
for an exponential density profile n, o exp(—=x),
which is a good approximation for solar neutrinos,
one has F' =1 — tan? 6,5.

In the case of three mixed neutrinos, the
above picture has to be modified to take into
account the possibility that 6,3 # 0 and
013 # 0. Since matter potentials are equal for
muon and tau neutrinos, the rotation R(fy3) in
Eq. can be re-absorbed in the ”"mixed” ba-
sis {|ve), cos|vy) — Sas|vr), sas|v,) + cos|v-)}. This
shows that, when 6,3 = 0, electron neutrinos ex-
perience two-neutrino oscillations to a mixed state
|Vpr) = co3|vu) — S23|v-) and, thus, the electron
neutrino survival probability is unchanged. In
presence of 613 # 0, we have instead non trivial
modifications due to the fact that the state |v.)
mixes with the state |v3) being in fact |(v.|v3)| =

s13. By repeating the previous calculations, one

8In the presence of a resonance, one can often approxi-
mate § & Yres Where ;s is the value of y(z) at the resonance
point. See e.g. [4l [6] for discussion.

obtains:
P(v. = v,) = sin*(63)
+ cos* (6;3) {5 + (% - Pc) cos(2615) cos(2612)

(67)

where it is assumed that matter effects negligibly
modify the ;3 mixing angle (i.e. 613 ~ 513).

We finally remark that the above expression ap-
plies to solar neutrino detected during the day,
since these neutrinos do not cross the Earth to
reach the detector. Matter effects due to propa-
gation across the Earth can modify Eq. by
introducing a day-night modulation whose magni-
tude depends on the specific values of mass and
mixing parameters.

3 Neutrino Detectors

The successful series of solar, atmospheric, reac-
tor and accelerator experiments which led to firmly
establish the standard three-flavor neutrino oscilla-
tion paradigm involved the realization of sophisti-
cated detectors based on a plurality of techniques.
In this paragraph we briefly review their main fea-
tures, which undoubtedly played a key role in the
incredible success of this field.

3.1 Radiochemical detectors

The emerging hint of the so called Solar Neutrino
Problem at the beginning of the 70’s from the
first results of the pioneering Chlorine experiment
(whose final findings are summarized in [12]), car-
ried out by Ray Davies in the Homestake mine,
signaled the experimental beginning of the neu-
trino oscillation saga. The problem, consisting in
a sizable discrepancy between the data and the
prediction of the Standard Solar Model, persisted
for more than 30 years before being explained as
a manifestation of the neutrino oscillation phe-
nomenon. A beautiful account of the early stage of
this field can be found in the seminal book of John
Bahcall [13], where all the steps which brought to
shape unambiguously the existence of the experi-
mental puzzle are vividly and clearly explained. In
the 90’s additional evidence of the existence of the



Solar Neutrino Problem came from other two ra-
diochemical experiments, GALLEX/GNO [14] at
Gran Sasso and SAGE [15] at Baksan. The prin-
ciple of the radiochemical technique is very sim-
ple and elegant: the detection medium is a mate-
rial which, upon absorption of a neutrino, is con-
verted into a radioactive element whose decay is
afterwards revealed and counted. The Homestake
experiment used a chlorine solution as a target for
inverse (-interactions,

Ve +°7Cl %" Ar + e (68)
characterized by a threshold of 0.814 MeV. It is
worth to remind that such a technique was pro-
posed independently by two giants of modern
physics, Bruno Pontecorvo and Louis Alvarez. The
other two experiments, instead, adopted gallium as
target, which allows neutrino interaction via

v+ Ga =" Ge +e (69)
The threshold of this reaction is 233keV, low
enough to essentially probe the entire solar neu-
trino spectrum (see sect[4.1] for details) which on
the contrary cannot be revealed with the chlorine
reaction due to the higher threshold. Due to the
similarity of the methodology in both cases of chlo-
rine and gallium, in the following its description
is focused to the specific gallium implementation.
In GALLEX/GNO the target consisted of 101 tons
of a GaClz solution in water and HCI, contain-
ing 30.3tons of natural gallium; this amount cor-
responds to about 10?® ™' Ga nuclei. The solution
was contained in a large tank hosted in the Hall A
of the underground Gran Sasso Laboratory.

"IGe produced by neutrinos is radioactive and
decay back by electron capture into "'Ga. The
mean life of a "'Ge nucleus is about 16 days: thus
the "' Ge accumulates in the solution, asymptoti-
cally reaching equilibrium when the number of "*Ge
atoms produced by neutrino interactions is just the
same as the number of the decaying ones. In this
equilibrium condition, about a dozen "Ge atoms
would be present inside the whole gallium chloride
solution. Since the exposure time is in practice
limited to four weeks, the actual number of "'Ge
atoms is less than the equilibrium value, but still
perfectly predictable. Therefore, the solar neutrino
flux above threshold is deduced from the number of

"LGe produced atoms, using the theoretically calcu-
lated cross section. The challenging experimental
task is thus to identify the feeble amount of ' Ge
atoms. This is accomplished through a complex
procedure which contemplates several steps:

1. the solution is exposed to solar neutrinos for
about four weeks;

2. the "' Ge atoms present at the end of the four
week period in the solution are in the form
of volatile GeCly, which is extracted into wa-
ter by pumping about 3000m? of nitrogen
through the solution;

3. the extracted 'Ge is converted into gaseous
GeH, and introduced into miniaturized pro-
portional counters mixed with Xenon as
counting gas. At the end of the process, a
quantity variable between 95 and 98% of the
"LGe present in the solution at the time of ex-
traction is in the counter; extraction and con-
version efficiencies are under constant control
using non-radioactive germanium isotopes as
carriers;

4. decays and interactions in the counter are ob-
served for a period of 6 months, allowing the
complete decay of "Ge and a good determi-
nation of the counter background. The charge
pulses produced in the counters by decays are
recorded by means of fast transient digitizers;

5. the data, after application of suitable cuts,
are then analyzed with a maximum likelihood
algorithm to obtain the most probable num-
ber of ™ Ge introduced in the counter, with
some final corrections applied to take into ac-
count the so called ”side reaction”, i.e. inter-
actions in the solution generated by high en-
ergy muons from cosmic rays and by natural
radioactivity.

The key issue in the overall procedure is the min-
imization of the possible sources of backgrounds.
This is performed through a triple strategy, whose
first element is the rigorous application of low-
level radioactivity technology in the design and
construction of the counters; the second element
is the use in the analysis of sophisticated pattern
recognition techniques able to perform energy and



shape discrimination of the signal and background
events; the third and final element is the precise
calibration of the counters via an external Gd/Ce
X-ray source, to enhance the accuracy of the sig-
nal/background discrimination ensured by the pat-
tern recognition method.

Thanks to the effective methodology adopted,
the radiochemical experiments were able to pro-
vide very important results in the studies of solar
neutrinos, demonstrating unambiguously the dis-
crepancy between the measured and predicted so-
lar neutrino flux and triggering the subsequent vast
theoretical and experimental investigations culmi-
nated in the proof of the oscillation effect in the
solar neutrino sector. Such fundamental outputs
were achieved despite the incredible challenge of
the measurement, that can be well appreciated by
considering the smallness of the detected signal.
In about two decades of operation, Homestake and
SAGE detected 860 and 870 decays respectively, as
reported in [I2] and [15] (GALLEX/GNO did not
publish this number).

In this respect, it is worth to mention another
important ingredient of the radiochemical solar
neutrino program, i.e. the source calibration efforts
which were performed to prove unambiguously the
validity of the entire neutrino detection concept im-
plied by this technique. In particular, GALLEX
and SAGE underwent twice through the calibra-
tion procedure. GALLEX exploited in both cases
a ®1Cr source [16], while SAGE adopted two dif-
ferent isotopes, *'Cr in the first instance [I7] and
37TAr in the second test [I8]. The outcome of the
source tests was the definitive validation of the ra-
diochemical approach as an effective method to
detect neutrinos. However, the ratio R between
the detected and predicted neutrino flux is signif-
icantly less than 1: taking the four tests together,
the global result is R = 0.86 & 0.05. This anomaly
can be interpreted as a possible indication of v,
disappearance, see e.g. [19], within models with
additional sterile neutrino states (see Sec. [4.2.4)).

3.2 Cerenkov detectors

The widespread diffusion of the Cerenkov tech-
nique in the field of neutrino physics can be ap-
preciated by considering the many experimental
set-ups based on this method which have been em-

ployed to investigate the entire neutrino spectrum,
from the lowest to the highest energies.

The Cerenkov radiation is produced in a mate-
rial with refractive index n by a charged particle
if its velocity is greater than the local phase ve-
locity of the light. The charged particle polarizes
the atoms along its trajectory, generating time de-
pendent dipoles which in turn generate electromag-
netic radiation. If v < ¢/n the dipole distribution
is symmetric around the particle position, and the
sum of all dipoles vanishes. If v > ¢/n the distri-
bution is asymmetric and the total time dependent
dipole is different from zero, and thus radiates.

The resulting light wavefront is conical, charac-
terized by an opening angle whose cosine is equal to
1/(Bn); the spectrum of the radiation is ultraviolet-
divergent, being proportional to 1/A2. The propa-
gation properties of the Cerenkov light are there-
fore fully equivalent to that of the acoustic Mach
cone.

3.2.1 SNO

The SNO experiment [20] is a paradigmatic ex-
ample of how the Cerenkov light can be used as
basis to build a very effective neutrino detector[)]
Located underground, in the Inco mine at Sud-
bury (Canada), this detector employed heavy wa-
ter, which acted both as target medium for the
neutrinos and as light generating material. The
basic idea beyond the choice of heavy water is to
perform two independent solar neutrino measure-
ments based on the deuterium target: the first is
aimed to detect specifically the electron neutrino
component, while the second is sensitive to the all
flavor flux. Thus, the comparison of the two results
can permit to unambiguously discern if neutrinos,
generated only as electron neutrinos in the core of
the Sun, undergo flavor conversion during the path
Sun-Earth.

Heavy water makes this possible providing both
flavor-specific and flavor-independent neutrino re-
actions. The first, flavor-specific reaction is the

9 Since SNO encompasses more experimental features
than the other important detector of this kind, the Japanese
Super-Kamiokande described in the next Sec. we find
it convenient, for illustrative purposes, to reverse the his-
torical order (the data taking of Super-Kamiokande started
before SNO).
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charged current (CC) reaction

ve+d—p+p+te (70)

sensitive only to electron neutrinos. Due to the
large energy of the incident neutrinos, the produced
electron will be so energetic that it will be ejected
at light speed, which is actually faster than the
speed of light in water, therefore creating a burst of
Cerenkov photons; after traveling throughout the
water volume, they are revealed by the spherical
array of photomultipliers instrumenting the detec-
tor. The amount of light is proportional to the in-
cident neutrino energy, which can be inferred from
the number of hits on the PMTs. From the hit
pattern, also the angle of propagation of the light
can be determined.

The second flavor-independent reaction is the so
called neutral current (NC) reaction

Vp+d—=p+n+u, (71)

whose net effect is just to break apart the deu-
terium nucleus; the liberated neutron is then ther-
malized in the heavy water as it scatters around.
The reaction can eventually be observed due to
gamma rays which are emitted when the neu-
tron is finally captured by another nucleus. The
gamma rays will scatter electrons, which produce
detectable light via the Cerenkov process, in the
same manner as discussed before.

The neutral current reaction is equally sensitive
to all neutrino types; the detection efficiency de-
pends on the neutron capture efficiency and the
resulting gamma cascades. Neutrons can be cap-
tured directly on deuterium ?H(n,~)3H, but this
is not very efficient. For this reason SNO has em-
ployed two separate systems to enhance the detec-
tion of NC-interactions. In the so called second
SNO phase, *Cl has been added to the heavy wa-
ter in form of 2tons of NaCl and neutrons were
detected through *3Cl(n, v)*SCl interaction. In the
third SNO phase, the 36 proportional *He coun-
ters have been deployed in the core of the detec-
tor which enabled the neutron detection based on
3He(n, p)*H interaction.

There is also a third reaction occurring in the
detector, flavor-independent as well, which is the
electron scattering (ES)

Vpte—v,+e (72)

This reaction is not unique to heavy water, being
instead the primary mechanism in other light wa-
ter detectors, like Kamiokande/Super-Kamiokande
(see next sub-paragraph). Although this reaction is
sensitive to all neutrino flavors, due to the different
cross sections involved the electron neutrino dom-
inates by a factor of six. The final state energy
is shared between the electron and the neutrino,
thus there is very little spectral information from
this reaction. On the other hand, good directional
information can be obtained.

The general drawback affecting the Cerenkov
technique is that, due to the feeble amount of light
produced by the Cerenkov mechanism, the effective
neutrino threshold is around 4-5MeV, thus allow-
ing the detection only of the high energy compo-
nent of the solar flux, essentially the ®B neutrinos.

The SNO experiment is now over; its architec-
tural scheme was very simple (see Fig. , aimed
to get the most from the Cerenkov technique:
1000 tons of heavy water were contained in a thick
transparent acrylic vessel, surrounded by an exter-
nal layer of light water as shielding from the gam-
mas from the radioactivity in the rock. A spheri-
cal array of 10000 8" phototubes detected the light
from both volumes of water. A key issue for the
success of the experiment was the long standing
effort throughout the construction and the opera-
tion phases to reduce the natural radioactivity in
the target volume, not only uranium and thorium,
but also in particular the ubiquitous radon gas.

As a result of this experimental effort, the mul-
tiple, clean and almost background-free CC, NC,
and elastic scattering detection of solar neutrinos
provided the unambiguous and model independent
proof that neutrinos from the Sun undergo flavor
conversion. The specific ”smoking gun” indication
of the flavor-conversion process was obtained from
the comparison of the depleted r.-only flux of the
CC measurement with the all-flavor flux evaluated
through the NC reaction. The first publication of
this result in 2002 [21] nailed down definitively the
explanation of the Solar Neutrino Problem.

3.2.2 Super-Kamiokande

As anticipated before, Super-Kamiokande [22], like
its predecessor Kamiokande [23], is conceptually
very similar to SNO, the major difference being the
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Figure 1: Conceptual architectural scheme of the
SNO detector.

use of normal water instead of heavy water. Hence
the neutrino detection occurs only via the scatter-
ing reaction off the electrons; the afterwards mech-
anism of Cerenkov light production and detection
via an array of PMT’s is equal to that already de-
scribed for SNO.

Another major difference is the quantity of wa-
ter employed, in total 50 ktons (observed by almost
13000 20” PMTs), which makes this detector the
most massive among the neutrino oscillation ex-
periments built so far. The sufficiently high statis-
tics implied by this huge volume has made possi-
ble a fairly precise reconstruction of the spectrum
of the scattered electrons, which plays an impor-
tant role in the subsequent analysis for the inter-
pretation of the data. With its huge mass Super-
Kamiokande clearly outperforms the findings of the
old Kamiokande (containing only 3000 tons of wa-
ter), obtained in the data taking period from 1983
to 1994; however Kamiokande maintains a cru-
cial historical role in the fields of neutrino oscil-
lation and of astrophysical neutrinos, in this case
with the detection of the neutrinos from the su-
pernova SN1987A, as witnessed by the 2002 Nobel

prize. In this context, it is appropriate to mention
also another historically important Cerenkov ex-
periment, the IMB (Irvine-Michigan-Brookhaven)
detector [24], realized with 10000 tons of water,
which shared with Kamiokande the success of de-
tecting the SN1987A neutrinos.

The intrinsic high directionality of the scatter-
ing reaction, coupled to the directionality of the
Cerenkov light, provides this experiment with a
powerful tool to fight the background due to trace
impurities of natural radioactivity dissolved in wa-
ter, by associating the reconstructed direction of
the Cerenkov photons with the angular position of
the Sun. Clearly, this is done on top of the pu-
rification procedure of the light water, which as
for SNO was focused generally on the whole natu-
ral radioactivity, but with special emphasis on the
radon, which is the factor limiting the threshold at
low energy.

An additional important analysis tool is the typ-
ical feature of the Cerenkov light to generate sharp
Cerenkov rings in case of muon particles, while
electrons make rings with fuzzy edges. Contrary
to SNO, Super-Kamiokande is still currently tak-
ing data. The long history of this detector started
in 1996 and evolved through four phases: the first
phase lasted until a major PMT incident in Novem-
ber 2001 and produced a very accurate measure of
the ®B flux via the ES detection reaction. The
phase II with reduced number of PMTs, from the
end of 2002 to the end 2005, confirmed with larger
error the phase I measurement. After the refurbish-
ment of the detector back to the original number
of PMTs, the third phase lasted from the middle
of 2006 up to the middle of 2008. Later on, an up-
grade of the electronics brought the detector into
its fourth, current phase. It is important to high-
light the evolution of the energy threshold (total
electron energy) in all the phases: 5 MeV in phase I,
7MeV in phase II, 4.5 MeV in phase III and 4 MeV
for phase IV, thanks to the continuously on-going
effort to reduce the radon content in water.

Undoubtedly Super-Kamiokande played a cen-
tral role in the long path which led to unveil the
neutrino oscillation phenomenon, since it has been,
and still is, a major player in three of the ar-
eas of investigation for neutrino oscillation, e.g
those based on solar, atmospheric and accelera-
tor neutrinos. Actually, it was Super-Kamiokande
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that in 1998 [25] announced the epochal discovery
of neutrino oscillations, which stemmed from the
observed anomaly of the number of atmospheric
muon neutrino events compared to electron neu-
trino events, and it was Super-Kamiokande that
first confirmed the oscillation process with a beam
of artificial (accelerator) muon neutrinos in the
dedicated K2K experiment [26], which took place
from 1999 to 2004. And nowadays this successful
story continues with the T2K [27] experiment, an-
other accelerator neutrino experiment which is the
successor of K2K.

In the solar neutrino study the result provided
by Super-Kamiokande are equally of great impor-
tance, as key ingredient of the joint analysis of all
the experiments to ascertain the allowed regions of
the oscillation parameters [7].

3.3 Scintillation detectors

Scintillation detectors have a long and established
tradition in the area of neutrino physics, starting
from the Cowan-Reines’s Savannah River experi-
ment [28], which performed the first neutrino de-
tection ever. Other pioneer detectors of this kind
which deserve to be mentioned for their historical
role in the field (but not necessary in the oscillation
study) are the Baksan Underground Scintillation
Telescope (BUST) [29], which also detected the
SN1987A neutrinos, the Liquid Scintillation Detec-
tor (LSD) at Mont Blanc [30], the Large Volume
Detector (LVD) at Gran Sasso [31] devoted to Su-
pernova search, and the Gosgen [32] and Bugey [33]
reactor experiments.

In the following we focus our attention on the
more recent implementations of this technique, for
the realization of experiments which played a fun-
damental role in nailing-down the neutrino oscilla-
tion properties.

3.3.1 Borexino

In the context of the solar neutrino research, the
Borexino project was conceived and designed to de-
tect in real time the low energy component of the
solar flux, with special emphasis on the neutrinos
coming from the "Be electron capture in the core
of the Sun, exploiting as simple and effective mean

to reveal the incoming particles their scattering re-
action off the electrons of the target medium.

Specifically, Borexino is a scintillator de-
tector [34] which employs as active detection
medium a mixture of pseudocumene (PC, 1,2,4—
trimethylbenzene) and PPO (2,5-diphenyloxazole,
a fluorescent dye) at a concentration of 1.5g/l.
Because of its intrinsic high luminosity (50 times
more than in the Cerenkov technique) the liquid
scintillation technology is extremely suitable for
massive calorimetric low energy spectroscopy. The
isotropic nature of the scintillation light does not
allow inferring the direction of the incoming par-
ticles; it is therefore impossible, contrary to what
happens in Cerenkov experiments, to distinguish
neutrino scattered electrons from electrons due to
natural radioactivity by the association with the
direction from the Sun. Thus the key requirement
in the technology of Borexino is an extremely low
radioactive contamination.

To reach ultra-low operating background condi-
tions in the detector, the design of Borexino, as
shown in Fig. [2] is based on the principle of graded
shielding, with the inner scintillating core at the
center of a set of concentric shells of increasing ra-
diopurity. The scintillator mass (278 tons) is con-
tained in a 125 pm thick nylon Inner Vessel (IV)
with a radius of 4.25m. Within the IV a fidu-
cial mass is software-defined through the estimated
events position, obtained from the PMTs timing
data via a time-of-flight algorithm.

A second nylon outer vessel (OV) with radius
5.50 m surrounds the IV, acting as a barrier against
radon and other background contaminations origi-
nating from outside. The region between the inner
and outer vessels contains a passive shield com-
posed of pseudocumene and 5.0g/1 (later reduced
to 3.0g/1) of DMP (dimethylphthalate), a mate-
rial that quenches the residual scintillation of PC
so that spectroscopic signals arise dominantly from
the interior of the IV.

A 6.85m radius stainless steel sphere (SSS) en-
closes the central part of the detector and serves
also as a support structure for the PMTs. The re-
gion between the OV and the SSS is filled with the
same inert buffer fluid (PC plus DMP) which is
layered between the inner and outer vessels.

Finally, the entire detector is contained in a tank
(radius 9m, height 16.9m) filled of ultra-pure wa-
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Figure 2: Sketch of the Borexino experiment, high-
lighting its major components arranged according
to a graded shielding design.

ter. The total liquid passive shielding of the cen-
tral volume from external radiation (such as that
originating from the rock) is thus 5.5m of water
equivalent (m.w.e). The scintillator material in the
IV was less dense than the buffer fluid by about
0.1% with the original DMP concentration of 5g/1;
this resulted in a slight upward buoyancy force on
the IV, implying the need of thin, low-background
ropes made of ultra-high density polyethylene to
hold the nylon vessels in place. This modest buoy-
ancy was further reduced of more than a factor 10
by removing via distillation a fraction of the total
DMP content in the buffer: the process ended with
a final DMP concentration of 3g/l, still perfectly
adequate to suppress the buffer scintillation, while
at the same time implying less stress applied to the
IV.

The scintillation light is viewed by 2212 8" PMT's
uniformly distributed on the inner surface of the
SSS. All but 371 photomultipliers are equipped
with aluminum light concentrators designed to in-
crease the collection efficiency of the light from the
scintillator, and concurrently minimizing the detec-
tion of photons not coming from the active scintil-
lating volume. Residual background scintillation
and Cerenkov light that escape quenching in the
buffer are thus reduced. The PMTs without con-
centrators can be used to study this background,
as well as help identify muons that cross the buffer
and not the inner vessel.

Besides being a powerful shield against exter-
nal backgrounds (7’s and neutrons from the rock),
the Water Tank (WT) is equipped with 208 PMTs
and acts as a Cerenkov muon detector. The muon
flux, although reduced by a factor 106 by the 3800
m.w.e. depth of the Gran Sasso Laboratory, is still
significant (1.1 muon m~2 h™') and an additional
reduction (by about 10*) is necessary. Ultra-low ra-
dioactive contamination is the distinctive feature of
Borexino, achieved through a multiple strategy [35]
that implied on one hand the careful selection and
screening of all the construction materials and com-
ponents, and on the other the purification of the ac-
tive scintillator to unprecedented purity levels (see
Tab. [1)).

Clearly, in this respect key factor are the many
liquid purification and handling systems designed
and installed to ensure the proper manipulation of
the scintillator at the incredible degree of clean-
liness demanded by the experiment. The excep-
tional low-background environment achieved in the
core of the liquid scintillator allowed the unprece-
dented and precise sub-MeV measure of the "Be
component of the solar neutrino flux, which to date
is the only direct confirmation of the validity in
such a low energy range of the MSW mechanism
driving the oscillation of neutrinos produced in the
core of the Sun.

Borexino has taken data during the so called
phase 1 (May 2007-July 2010) and started again
to collect data (phase 2), after a further campaign
of purification of the scintillator, in October 2011.
The purification campaign succeeded to further re-
duce the residual contamination of the scintillator.

3.3.2 Other scintillation experiments

Other important scintillator based experiments
which provided milestone results for the under-
standing of the neutrino oscillation properties are
KamLAND [36], and, more recently, Daya Bay [37],
RENO [38] and Double Chooz [39]. While in term
of methodology all these experiments are very sim-
ilar to Borexino, as far as detection criteria, tech-
niques and architectural scheme are considered,
their specific characteristics is the measurement
target, constituted by antineutrinos from reactors.
KamLAND, in particular, is not close to any spe-
cific reactor, but rather detects antineutrinos from
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Table 1: Radio-purity of the Borexino detector during the phase 1 of the experiment.

Name \ Source \ Typical \ Required \ Achieved
“e intrinsic PC ~ 10712 g/g ~10718 g/g ~2x 10712 g/g
28U | dust 1075 —-10"% g/g <107 g/g (5.04+0.9) x 1078 g/g
2327 (3.0 £ 1.0) x 107'% g/g
"Be | cosmogenic ~3 x 1072 Bq/ton < 107% Bq/ton not observed
WK | dust, PPO ~2 x 1075 g/g (dust) <107® g/g not observed
210pPo | surface < 7 cpd /ton May07: 70 cpd/ton
contamination May09: 5 cpd/ton
222Rn | emanation, rock 10 Bq/1 (air, water) < 10 ¢pd /100 tons | < 1 cpd/ 100 tons
100 - 1000 Bq/kg (rock)
39Ar | air, cosmogenic 17mBg/m? (air) <1¢pd/100 tons << 8Kr
$Kr | air, nuclear weapons | ~1Bq/m? (air) < 1¢pd/100 tons 30 £ 5¢pd/100 tons

a number of Japanese power plants located at an
average distance of 200 km, thus performing a long-
baseline test. Day Bay, RENO, and Double Chooz,
instead, are located a 1 km from the reactor, acting
thus as medium baseline experiments.

While in general the respective technology re-
sembles closely that of Borexino, there are some
variations in the type of liquid scintillator, and in
the material used for the balloon containing the
liquid. The main difference with Borexino stems
from the inverse beta reaction which is used to de-
tect antineutrinos (in contrast with the scattering
reaction adopted in Borexino to reveal neutrinos)

Ue+p—et +n, (73)

After the occurrence of this interaction, the prompt
signal is due to a positron which decelerates and
then annihilates producing two 511keV v rays.
The neutron thermalizes and is captured by a
free proton, generating a typical 2.2 MeV gamma,
the so called delayed signal. The visible energy
FE,;s of the prompt signal is directly correlated
with the kinetic energy of the incident antineutrino
E;, = E,is+0.784 [MeV]. The mean time between
the positron production and the neutron capture
is about 200-260 us depending on the scintillator
type, therefore the tight time coincidence between
the respective light signals origins a correlated mea-
surement which ensures a powerful discrimination
of a true antineutrino detection with respect to
the uncorrelated background events. This kind
of signature greatly reduce the requirements for

the suppression of the intrinsic radioactivity in
the scintillator, marking the major difference be-
tween the technology of these reactor experiments
and that employed for the solar neutrino detec-
tion in Borexino. For example, in KamLAND
2387 has been reduced to (1.5 £+ 1.8) x 1071 g/g,
22Th to (1.9 & 0.2) x 1077 g/g, K to a limit
< 4.5 x 107 g/g, %P0 to ~2mBq/m3 *'Bi to
<1mBg/m?, and ¥Kr to ~0.1 mBq/m?.

Historically, the measurement of KamLAND, to-
gether with that of SNO, closed the Solar Neu-
trino Problem, showing unambiguously that also
reactor antineutrinos undergo the oscillation phe-
nomenon, while concurrently determining rather
precisely the associated mass squared difference pa-
rameter Am3, and, jointly with the outputs of all
other solar experiments, the mixing angle 6;5.

Daya Bay and RENO (and in future Double
Chooz, as well) have the additional characteristics
of being equipped with a near detector, so that the
far-near arrangement allows determining also the
f,3 mixing angle.

As additional remark of this section, it has to
be emphasized that also some of the experiments
whose outputs are used in the analysis concerning
the existence of additional sterile state(s) beyond
the established three-neutrino oscillation frame-
work (see Sec. [4.2.4)), are liquid scintillator set-ups.
In particular, the LSND [40] and MiniBooNE [41]
detectors, at the center of the current hot debate
in this area, share essentially all the distinctive fea-
tures of the other experiments belonging to the
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same technical "family”. Specifically, LSND was
a cylindrical tank containing 167 tons of scintilla-
tor viewed by 1220 8 inch PMT's, while MiniBooNE
was based on a spherical detector geometry to con-
tain 800 tons of scintillator, though still using a
similar number of PMTs, 1280. The peculiarity
of both set-ups was the exploitation of a special
scintillator mixture able to produce a comparable
amount of Cerenkov and true scintillation light.

The KARMEN experiment [42] was another
player in this debate, but on the other side, since it
did not detect the same hints of LSND and Mini-
BooNE. It was a segmented liquid-scintillator de-
tector; the segmentation, technically the more dis-
tinctive feature of the set-up, was realized with
1.5 mm thick lucite sheets which ensured the trans-
port of the light to the photomultipliers via total
internal reflection. The detector was also instru-
mented with a veto employing plastic scintillator
modules.

Finally, the pioneer MACRO detector [43] at
Gran Sasso was, as well, based on segmented liquid-
scintillator counters. Actually it comprised three
subsystems, being additionally equipped with lim-
ited streamer tubes and nuclear track detectors,
which altogether provided the experiment with the
capability to detect the atmospheric neutrino os-
cillation phenomenon.

3.4 Further techniques

To complete the illustration of the techniques
adopted for the neutrino oscillation studies, a brief
mention is due to other experiments which have
shed light on important aspects of the field, while
being not ascribable to any of the methodologi-
cal categories described so far, starting with MI-
NOS [44] and OPERA [45]. We briefly describe
also the basic features of the near detectors of the
already mentioned T2K experiment [27] (that, we
remind, uses Super-Kamiokande as the far detec-
tor), as well as of the CHORUS [46], NOMAD [47],
and ICARUS [48] experiments.

The MINOS experiment exploits two detectors
to register the mneutrino interactions: the near
detector at Fermilab characterizing the neutrino
beam (NuMI, Neutrinos at the Main Injector,
beam) is located about 1km from the primary
proton beam target, while the far detector per-

forms similar measurements 735km downstream.
The far detector is located in Soudan, hosted in
an inactive iron mine where it is positioned in a
cavern excavated on purpose, 705m underground
(2070 meters-water-equivalent (m.w.e.)), 210 m be-
low sea level.

The rationale of the experiment is to make com-
parisons between event rates, energies and topolo-
gies at both detectors, and to infer from those
comparisons the relevant ”atmospheric” oscillation
parameters. The energy spectra and rates are
measured separately for v, and v, charged-current
(CC) events, as well as for neutral current (NC)
events.

Both the near and far MINOS detectors are steel-
scintillator sampling calorimeters, equipped with
tracking, energy and topology measurement pos-
sibilities. Such a multiple capability is obtained
by alternate planes of plastic scintillator strips and
2.54 cm thick magnetized steel plates.

The lcm thick by 4.1cm wide extruded
polystyrene scintillator strips are read out using
wavelength-shifting fibers coupled to multi-anode
photomultiplier tubes. Both detectors ensure equal
transverse and longitudinal sampling for fiducial
beam-induced events.

The far detector comprises 486 octagonal steel
planes, with edge to edge dimension of 8 m, in-
terleaved with planes of plastic scintillator strips.
The total mass is 5400 tons; the set-up is arranged
as two "supermodules” separated by a 1.15m
distance, individually equipped with an indepen-
dently controlled magnet coil.

The near detector, consisting of 282 planes for
a total mass of 980 tons, is located at the extreme
of the NuMI beam facility at Fermilab, in a 100 m
deep underground cavern under a 225 m.w.e. over-
burden. It exploits the high neutrino flux at this
site to identify a relatively small target fiducial vol-
ume for selection of events to be employed for the
near/far comparison. The upstream part of the
detector, i.e. the calorimeter portion, contains the
target fiducial volume with all the planes instru-
mented. The downstream part, the spectrometer
section dedicated to the measurement of the mo-
menta of energetic muons, has only one plane every
five instrumented with scintillator.

The core of the MINOS detectors active system
is thus based on the technique of solid scintilla-
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tor, whose main features are good energy resolu-
tion and hermiticity, excellent transverse segmen-
tation, flexibility in readout, fast timing, simple
and robust construction, long-term stability, ease
of calibration, reliability and, last but not least,
low maintenance requirements. Furthermore, the
whole set-up met also safety and practicality of
construction requirements.

The performances of both detectors rely on some
key parameters which are the steel thickness, the
width of scintillator strips, and the degree of read-
out multiplexing, which were carefully studied and
optimized during the design phase.

The MINOS detectors represented a significant
increase in size from previous fine grained scintil-
lator sampling calorimeters, and therefore the rele-
vant design and construction efforts ended-up with
important technical advancements in detector tech-
nology of general interest for the field of application
of this technique.

This technological effort of the MINOS con-
struction resulted in an impressive scientific suc-
cess, which brought further evidence to the neu-
trino oscillation investigation performed by Super-
Kamiokande and K2K, sharpening significantly the
evaluation of the relevant atmospheric oscillation
parameters.

The OPERA experiment was designed aiming at
the direct observation of v, appearance stemming
from v, — v, oscillation in a long baseline beam
(dubbed CNGS) from CERN to the underground
Gran Sasso Laboratory, at a distance of 730 km,
where OPERA is located.

The design of OPERA was specifically tailored
to identify the 7 via the topological observation
of its decay, reinforced by the kinematic analysis
of the event. This goal is pursued through a hy-
brid apparatus based on two ”pillars”: real-time
detection techniques (”electronic detectors”) and
the Emulsion Cloud Chamber (ECC) method. A
detector based on the ECC approach is made of
passive material plates, used as target, alternated
with nuclear emulsion films employed as tracking
devices, featuring sub-micrometric accuracy.

The sub-micrometric position accuracy, coupled
to the adoption of passive material, allows for mo-
mentum measurement of charged particles through
the detection of multiple Coulomb scattering, as
well as for identification and measurement of elec-

tromagnetic showers, together with electron/pion
separation.

In essence, the main advantage of the ECC tech-
nique is the unique property of combining a high
accuracy tracker with the capability of performing
precise measurements of kinematic variables.

OPERA scaled the ECC technology to an un-
precedented size: the basic unit of the experiment
is a "brick” realized with 56 plates of lead (1 mm
thick) interleaved with nuclear emulsion films, for
a total mass of 8.3 kg; 150 000 of such target units
have been assembled, amounting to an overall mass
of 1.25kton. The bricks are arranged in 62 vertical
structures (walls), orthogonal to the beam direc-
tion, interleaved with planes of plastic scintillators.

The detector is made of two identical supermod-
ules, each comprising 31 walls and 31 double layers
of scintillator planes followed by a magnetic spec-
trometer.

The electronic detectors accomplish the twofold
task to trigger the data acquisition, identify and
measure the trajectory of charged particles and lo-
cate the brick where the interaction occurred.

The momentum of muons is measured by the
spectrometers, with their trajectories being traced
back through the scintillator planes up to the brick
where the track originates. In case of no muons
observation, the scintillator signals produced by
electrons or hadronic showers are used to predict
the location of the brick that contains the primary
neutrino interaction vertex. The selected brick is
then extracted from the target and afterwards the
two interface emulsion films attached on the down-
stream face of the brick are developed. If tracks re-
lated to neutrino interaction are observed in these
interface films, the films of the brick are developed,
too, following the tracks back by fully automated
scanning microscopes until the vertex is located.

The analysis of the event topology at the pri-
mary vertex leads to the identification of possible 7
candidates. Topologies of special interest might in-
clude one track that shows a clear "kink” due to the
decay-in-flight of the 7 (long decays) or an anoma-
lous impact parameter with respect to the primary
vertex (short decays) compatible with a decay-in-
flight in the first lead plate. Once selected, such
topologies are double checked by a kinematic anal-
ysis at the primary and decay vertices.

The modular structure of the target ensures to
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extract only the bricks actually hit by the neutri-
nos, therefore achieving an efficient analysis strat-
egy of the interaction, while at the same time min-
imizing the target mass reduction during the run.

In the overall structure of the OPERA detec-
tor each brick wall, containing 2912 bricks and
supported by a light stainless steel structure, is
followed by a double layer of plastic scintillators
(Target Trackers, TT) that provide real-time de-
tection of the outgoing charged particles. The in-
strumented target is further followed by a magnetic
spectrometer, consisting of a large iron magnet in-
strumented with plastic Resistive Plate Chambers
(RPC). The bending of charged particles inside the
magnetized iron is measured by six stations of drift
tubes (Precision Trackers, PT). Left-right ambigu-
ities in the reconstruction of particle trajectories
inside the PT are removed by means of additional
RPC, with readout strips rotated by +45° with re-
spect to the horizontal plane and positioned near
the first two PT stations. What defined before as
a supermodule is actually an instrumented target
together with its spectrometer. Finally, two glass
RPC planes mounted in front of the first target
allow rejecting charged particles originating from
outside the target fiducial region, coming from neu-
trino interactions in the surrounding materials.

As conclusive remark, OPERA is the first very
large scale emulsion experiment: the 150000 ECC
bricks include about 110000 m? emulsion films and
105000 m? lead plates; the scanning of the events is
performed with more than 30 fully automated mi-
croscopes. The success of this impressive machine
is witnessed by the unambiguous detection of 3 7
events, so far.

In an arrangement similar to MINOS, T2K [27]
employs two near detectors located 280 m from the
graphite proton target to measure the properties of
the un-oscillated neutrino beam.

The INGRID near detector comprises 16 mod-
ules, 14 of which are positioned in a cross configu-
ration centered on the beam axis. They are made
of iron and scintillator layers, allowing the measure
of the neutrino rate and profile on the beam axis
direction.

The ND280 off-axis near detector is located off
the beam axis in the same direction as SK, be-
ing exploited to measure the properties of the un-
oscillated off-axis beam. It consists of several sub-

detectors: the so called Pi-Zero detector (POD) is a
plastic scintillator-based detector optimized for 7°
detection, followed by a tracking detector made of
two fine grained scintillator detector units, in turn
sandwiched between three time projection cham-
bers. Both the POD and tracker are surrounded
by electromagnetic calorimeters, including a mod-
ule located immediately downstream of the tracker
itself. The whole detector is located in a magnet
with a 0.2T magnetic field, serving also as mass
for a side muon range detector.

Important predecessors of these efforts were two
experiments carried out at CERN in the 90’s,
CHORUS [46] and NOMAD [47].

The active target of CHORUS was realized with
nuclear emulsions (total mass of 770kg). A scintil-
lating fiber tracker was interleaved, both for tim-
ing and for extrapolating the tracks back to the
emulsions. The set-up comprised also a hexagonal
spectrometer magnet for momentum measurement,
a high resolution spaghetti calorimeter for measur-
ing hadronic showers, and a muon spectrometer.
The scanning of the emulsions was performed with
high-speed CCD microscopes.

NOMAD adopted drift chambers as target and
tracking medium. The chambers were 44, located
in a 0.4 T magnetic field, for a total a fiducial mass
of 2.7tons. They were followed by a transition radi-
ation detector (for e/m separation), by additional
electron identification devices and by an electro-
magnetic lead glass calorimeter. The detector com-
prised also a hadronic calorimeter, 10 drift cham-
bers for muon identification and an iron-scintillator
calorimeter of about 20 tons.

Finally, looking ahead to the future, it must be
mentioned that a very promising technique poten-
tially very useful for neutrino oscillation investi-
gation is that based on liquid argon, developed
through a very long research and development ef-
fort for the ICARUS detector [48]. Such liquid
argon time projection chamber allows calorimet-
ric measurement of particle energy together with
three-dimensional track reconstruction from the
electrons drifting in the electric field applied to a
volume of sufficiently pure liquid argon. The tech-
nique, thus, successfully reproduces the extraordi-
nary imaging features of a bubble chamber, but
with the advantage of being a full electronic de-
tector, potentially scalable to the huge masses re-
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quired for the next round of experimental neutrino
studies.

4 Experimental results

The experimental results concerning the neutrino
oscillations have been obtained studying neutrinos
from several sources: solar and atmospheric neu-
trinos, reactor antineutrinos, neutrino and antineu-
trino accelerator beams. The neutrino experiments
make use of a variety of techniques: radiochemical
methods, water and heavy water Cerenkov detec-
tors, liquid and plastic scintillators; in some detec-
tors also streamer chambers and time projection
chambers are used, in addition to nuclear emul-
sions.

The experiments can be classified as disappear-
ance and appearance ones: the first are measuring
a reduced flux of neutrinos having the same flavor
as at the source, while the second are looking for
neutrinos of different flavor with respect to those
emitted by the source.

4.1 Neutrino sources

The Sun is one important source of neutrinos. En-
ergy in the Sun is, in fact, produced by chains of
nuclear reactions whose overall result is the conver-
sion of hydrogen into helium

4p +2e~ — ‘He + 2, . (74)
Due to lepton number conservation, helium pro-
duction is accompanied by the production of two
electron neutrinos. The total energy released in re-
action is Q = 26.73 MeV and only a small
part of it (about 0.6 MeV on average) is carried
away by the two neutrinos. The total flux of elec-
tron neutrinos arriving on Earth (if they do not
oscillate) can be then estimated from the radiative
flux K produced by the Sun on the Earth surface,
obtaining;:
Diop ~ 2 K 6% 10 em 25! (75)
Q
Due to the eccentricity of the Earth’s orbit, the
solid angle from the Sun to the Earth changes dur-
ing the year, and thus the solar neutrino flux shows
a seasonal variation.

The interpretation of solar neutrino experiments
requires a detailed knowledge of the solar neutrino
spectrum, see Fig. 3l Hydrogen burning in the
Sun proceeds through two chains, namely the pp
chain and the CNO bi-cycle. At the temperature
and density characteristic of the solar interior, hy-
drogen burns with ~99% probability through the
pp chain that is predominantly initiated by the
p+p — d+et+v, reaction. This reaction produces
the so-called pp neutrinos which have a continu-
ous spectrum extending up to £ = 0.42 MeV and
constitutes ~90% of the total neutrino flux. Al-
ternatively, the pp chain can originate with 0.23%
probability from the reaction p+e~ +p — d+ 1,
that produces the less abundant monochromatic
pep neutrinos with energy E = 1.445 MeV.

The pp chain has three possible different
branches (pp-1, pp-1I and pp-I1I) whose relative
rates depend on the central temperature of the
Sun. In the pp-II termination, the electron cap-
ture reaction e~ + "Be — "Li + v, produces the
monochromatic “Be neutrinos with energy F =
0.863 MeVEUl In the pp-1I1 branch, the [-decay
8B — ®Be* + et 4 1, is responsible for the produc-
tion of the 8 B neutrinos. The flux of B neutrinos is
extremely low, being approximately equal to 0.01%
of the total flux, but the spectrum extends up to a
maximal energy E ~ 15MeV.

In the CNO-cycle, the overall conversion of four
protons into helium is achieved with the aid of C,
N and O nuclei present in the Sun. The [-decays
BN = BC+et +v,, PO = BN + et + 1, and, to
a minor extent, '"F — 170 + et 4 v, produce the
so-called BN, 1°O, and " F neutrinos, respectively,
all together referred to as CNO neutrinos. These
three components of the solar neutrino flux have
continuous spectra extending up to £ ~ 1.2, 1.7
and 1.7 MeV, respectively.

The predictions for each component of the solar
neutrino flux are obtained by constructing a Stan-
dard Solar Model (SSM) which, according to the
definition of [50], is a solution of the stellar struc-
ture equations (starting from a chemical homoge-
neous initial model) that reproduces, within uncer-
tainties, the observed properties of the present Sun,

10 This value correspond to transitions to the “Li ground
state. With ~10% probability, "Li is produced in the first
excited states together with a neutrino with energy £ =
0.383 MeV.
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Figure 3: The solar neutrino spectrum predicted
by the SSM calculation of [49].

by adopting physical and chemical inputs chosen
within their range of uncertainties. In Tab. [2] we
report the neutrino fluxes predicted by two recent
SSM calculations that adopt two different assump-
tions for the admixture of heavy elements in the
Sun. Namely, the model labeled GS98 is obtained
by using the "old” composition from [51], while the
model labeled AGSS09 adopts the "new” admix-
ture of [52]. The reason to consider these two cal-
culations is that, in recent years, a new solar prob-
lem, often referred to as solar metallicity puzzle,
has emerged. The most recent determinations of
the solar photospheric heavy-element abundances
(among which [52]) have indicated, in fact, that
the solar metallicity is lower by 30 to 40% than
previous measurements [51]. However, the inter-
nal structure of SSMs calibrated against the newly
determined solar surface metallicity do not repro-
duce the helioseismic constraints, see e.g. [53]. The
experimental determination of the solar neutrino
fluxes, beside providing crucial information for fla-
vor neutrino oscillations, may help to shed light on
the origin of these discrepancies.

The atmospheric neutrinos are produced by cos-
mic rays, which collide with the atmosphere at its
most external regions. In these collisions triggered
mostly by the cosmic protons (plus a 5% of He
and some minor contributions of heavier nuclei),
pions and, at a much smaller rate, kaons are pro-
duced [54], 55], 56], 57, [58]. The main sources of the

Table 2: The predictions of SSMs implementing
GS98 [51] and AGSS09 [52] admixtures. See [49)]
for details.

| AGSS09 | GS98
pp | 6.03(1£0.006) [ 5.98 (1 & 0.006)
pep | 1.47(1£0.012) | 1.44 (1 £0.012)
hep | 8.31(1+0.30) | 8.04 (1 +0.30)
"Be | 4.56 (1 +0.07) | 5.00 (14 0.07)
B | 4.59(1+0.14) | 5.58(1+0.14)
BN [ 2.17(14£0.14) | 2.96 (1 £ 0.14)
150 | 1.56 (1 £0.15) | 2.23(140.15)
F | 3.40(1+0.17) | 5.52(1+0.17)

Note: The neutrino fluxes are given in units of 10'°
(pp), 10° ("Be), 10% (pep, '*N, 120), 10° (*B, '"F),
and 103 (hep) cm~2s7 1

atmospheric neutrinos are the following reactions:

sy, wt et e+, (76)

T U, p —e U+, (77)
As a consequence, the produced fluxes are approx-
imately:

Q(v, +1,) =20(v. + ) (78)

D(vy) ~ @(7,) (79)

Moreover, due to the cosmic ray isotropy and the
sphericity of the Earth, the up and down neutrino
fluxes (i.e. having the Zenith angle 6 correspond-
ing to cosf < 0 and cosf > 0, respectively) are
expected to have the same magnitude:

®(E,,,cos0) ~ D(E,,,—cosb) (80)
where F, is the energy of neutrino with flavor z.
The atmospheric neutrino flux can be evaluated
with an uncertainty <10% at 1 < E < 10 GeV,
while at £ < 1GeV the error is larger. At E < 10
GeV, the relation (|78) is valid within 2-3% errors.
The accuracy worsen at larger energies due to kaon
production. Eq. is confirmed at 1% at £ <
1 GeV, and has an uncertainty <1% at 1GeV.
Nuclear reactors are a source of electron antineu-
trinos. The energy spectra of antineutrinos re-
leased in the fission of the main isotopes used as
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Figure 4: Energy spectra of antineutrinos released
in the fission of the main isotopes (**U (cyan),
287 (red), ?*Pu (green), and *"'Pu (blue)) used

as the fuel in the cores of nuclear power plants.

the fuel in reactor cores (¥*°U, 23U, #9Pu, and
241Py) are shown in Fig. [ The reactor antineu-
trino flux is different from site-to-site and strongly
depends on the presence of reactors in the neigh-
borhoods. Tts evaluation [59, 60], [61], [62] has to
take into account different reactor characteristics,
some of them time-dependent, as their thermal
power and the power fractions of fuel isotopes. The
reactor-detector distance has a strong influence on
the shape of the oscillated, electron antineutrino
energy spectrum. The mean energy of reactor an-
tineutrinos which can be detected by the inverse
beta decay reaction given in Eq.[73|is about 4 MeV.

Supernova explosions represent another possible
source of neutrinos and antineutrinos of all flavors.
The observation of neutrinos produced by a galac-
tic Supernova could bring important information to
comprehend the explosion mechanism and to study
neutrino propagation in the dense Supernova envi-
ronment. Supernova neutrino oscillations have a
complex and interesting phenomenology; their po-
tential in neutrino oscillation studies may be af-
fected by the large uncertainties of the astrophysi-
cal Supernova models.

Finally, neutrinos and antineutrinos of various
energies can be produced by accelerators. At
CERN, FNAL, KEK, and Los Alamos Neutron Sci-
ence Center, neutrino and antineutrino beams are
produced for short and long baseline neutrino ex-
periments.

4.2 The neutrino oscillation study

The experimental study of the neutrino oscillations
can be divided in several phases: the solar neutrino
problem, the first evidences of the oscillation phe-
nomenon from atmospheric and solar neutrino ex-
periments, precise measurements of the oscillation
parameters Am3, and 6,5 by studying the nuclear-
reactor antineutrinos, extension of the oscillation
analysis to the low-energy neutrinos and the vac-
uum regime, confirmation of the oscillation phe-
nomenon via disappearance and appearance exper-
iments with accelerator beams, measurements of
non-zero 6,3, and finally indication of a third Am?
and therefore of a possible sterile neutrino.

4.2.1 Evidences of the neutrino oscillation
phenomenon

The road towards the first understanding of the
neutrino oscillation phenomenon passed several
milestones.

1) The Solar Neutrino Problem: an apparent
deficit in the solar neutrino flux

Pioneering experiments used the radiochemical
techniques (see Sec. applied to the observa-
tion of solar neutrinos; they are Homestake [12],
GALLEX [14], and SAGE [15]. These experiments
are based upon the charged-current interaction of
electron-flavor neutrino on a nucleus. Because the
solar v,’s oscillate to different flavors, the exper-
iments, which are sensitive only to electron neu-
trinos, detect a reduced number of events with re-
spect to the expectations based on the Standard
Solar Model (SSM). This lack of signal has been
called ”Solar Neutrino Problem” and the possible
explanations were either a wrong description of the
Sun by SSMs or the phenomenon of the ”Neutrino
Oscillations”, an hypothesis introduced by B. Pon-
tecorvo in 1957 [IJ.

The radiochemical experiments measure the in-
tegrated flux from the detection reaction thresh-
old to the upper limit of the solar neutrino energy
spectrum. Homestake measurements start from a
threshold of ~0.814 MeV and, thus, do not probe
the pp-neutrino component of the solar neutrino
flux; it observes 2.56 +0.23 SNUE] to be compared

HSNU = Solar Neutrino Unit equals to the neutrino flux
producing 10736 captures per target atom per second
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with the SSM expectation of 7.7t13SNU [12]. A
deficit of the solar neutrino signal was confirmed
later by GALLEX, which, with a threshold at
~0.23 MeV, found 83 + 19(stat) 4 8(syst) SNU to
be compared to the expected 127 £ 7 SNU [I4].
SAGE is still running and its results agree with
the GALLEX’s ones. The reduction is higher in
the Homestake data (~67%) than in GALLEX
(~35%). This difference is partly, but not com-
pletely, explained by the dependence of v, survival
probability from the neutrino energy. A recent
hypothesis of the existence of a light sterile neu-
trino [63] could explain the Homestake result.

The Solar Neutrino Problem raised by the ra-
diochemical experiments has been confirmed in
1991 by a real-time experiment based on the wa-
ter Cerenkov technique, Kamiokande, detecting the
v—e elastic scattering [64]. The v—e elastic scatter-
ing cross section o is lower for p, 7 flavor neutrino
than for the electron flavor neutrino (for the muon
flavor o(v, —e) ~ 1/70(v. —e)). Kamiokande finds
the solar neutrino flux reduced by 40% with re-
spect to what expected by the SSM. The measured
neutrino energy range includes only the 8B solar
neutrinos, because the threshold in Kamiokande is
at ~5.0 MeV of the recoil-electron energy (which
corresponds to ~5.2 MeV for the neutrino energy).

2) The first experimental evidences of neutrino
oscillations

The experimental evidence for the existence of
the neutrino oscillation phenomenon has been pro-
vided by three Cerenkov experiments (see Sec. ,
studying the atmospheric neutrinos with water
(Kamiokande and Super-Kamiokande) and the so-
lar neutrinos with heavy water (SNO). Here, we
demonstrate the atmospheric-neutrino measure-
ments on the Super-Kamiokande results, since they
are fully compatible with those of Kamiokande, but
are based on higher statistics.

Super-Kamiokande observed [65] an important
discrepancy in the atmospheric-v, up and down
fluxes, not observed, on the other hand, in the
ve rates. The measured ratio of up and down v,
fluxes is well different from 1, contrary to what is
expected in the absence of neutrino oscillations, see
Eq. .

The results are summarized in the Tab. 3l and in
the Fig. )] Super-Kamiokande detects the muons
produced by v, and the electrons produced by v.:

Table 3: The ”"up/down” asymmetry for muons
and electrons observed in Super-Kamiokande [65].
Here, "up” refers to incident neutrinos within the
zenith angle range —1 < cosf < —0.2 and ”down”
within 0.2 < cosf < 1.

Source

multi-GeV e-like
multi-GeV p-like
sub-GeV e-like
sub-GeV p-like

\ "up/down” asymmetry
1.04 4+ 0.03 + 0.03

0.52 4 0.05 4 0.006
1.09 4+ 0.02 4+ 0.03

0.65 + 0.05 4+ 0.001

muons and electrons are fast enough to produce a
Cerenkov-light cone. The sub-GeV events are fully
contained in the detector, while this is not the case
for the multi-GeV events.

The observed “up/down” asymmetry can be in-
terpreted in terms of v, — v, oscillations in vac-
uum. The best fit values of the oscillation parame-
ters obtained from these data are 1.9 x 1073eV? <
|AmZ,| < 3.0 x 1073eV? and sin 263 > 0.90 (for
Kamiokande data [66], the |[Am3,| allowed region
is ranging between 1.3 x 1072 and 2.95 x 10~3eV?).

This oscillation effect can be understood on the
basis of the oscillation length in vacuum, corre-
sponding to a neutrino energy of ~1GeV and to
Am2, ~ 3 x 107%eV? (see Sec. [2):

E[MeV]

~ 1000 km (81)

The "down-going” neutrinos are reaching the
detector after ~10km from their production,
while the "up-going” neutrinos travel on average
~6000km. As a consequence, the distance be-
tween production and detection for the down-going
neutrino is too short to observe a relevant flavor
change. In Fig. [6] the number of events vs L/E
(L is the distance between the neutrino production
and the detector and E is the neutrino energy) is
shown.

These Super-Kamiokande results have demon-
strated for the first time the existence of an oscil-
lation phenomenon on the atmospheric neutrinos.
It is essentially model independent and not influ-
enced by any hypotheses assumed in the cosmic ray
simulations. The results obtained by Kamiokande
and Super-Kamiokande have been confirmed by
MACRO experiment [43] with a smaller statistics.
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Figure 5: Zenith angle distributions of muon and electrons for sub-GeV and multi-GeV data from
Super-Kamiokande [65]. The hatched regions are the Monte Carlo expectations for no-oscillations. The
solid black lines plot the best-fits for v, — v, oscillations; in the fit the overall flux normalization if left

as a free parameter.

The SNO detector is a heavy water Cerenkov ex-
periment installed in the Sudbury Inco mine (see
Sec. . The use of a deuterium target allowed
to study two independent neutrino interactions:
Charge Current (CC, Eq. and Neutral Current
(NC, Eq.[71). In addition, the v, —e elastic scatter-
ing (Eq. has been detected. The data have been
collected during three phases, characterized by dif-
ferent techniques to capture the neutron emitted in
the NC-reactions. The 5MeV SNO threshold lim-
its the detectable neutrinos to the ®B-component
of the solar neutrino flux. Later SNO has repeated
the analysis pushing down the threshold to 3.5 MeV
(SNO LETA [68]). The ®B-v fluxes measured by
SNO are summarized in Tab. [l

The CC interactions are produced only by v,
while the NC ones are triggered by all-flavor neu-
trinos. Therefore, it is clear by comparing the re-
sults from Tab. 4| that part of the v, produced in
the nuclear reactions in the Sun’s core has been
transformed to other flavors. The final estimate of
the ®B neutrino flux from the NC reactions, ob-
tained from a joint analysis of the three phases is
(5.25 + 0.16(stat) " 15 (syst)) x 108cm=2 s~ [20],
in a good agreement with the SSM prediction of
(4.59 & 0.64) x 105cm=2 s~ L.

The SNO results can be interpreted as direct evi-
dence of matter effects on neutrino oscillations, see
Sec. 2l The second term in the r.h.s of Eq. is,
in fact, not negligible due to the high electron den-
sity in the solar interior and to the relatively high
energy of the neutrinos detected by SNO. There-
fore, flavor oscillations are enhanced due to neu-
trino propagation through the Sun.

Super-Kamiokande also measured the solar neu-
trinos with a threshold of ~5MeV. The v, — e elas-
tic scattering gives a result of 2.32 4 0.04(stat) +
0.05(syst) x 10% cm=2s~1 [70] , fully compatible with
the SNO measurement.

In a two neutrino analysis, the allowed regions
in the Am3, versus tan”f, plane, obtained by a
global fit of the radiochemical plus Cerenkov ex-
periments are shown in Fig. []] The region at top
right is called Large Mixing Angld™] the one at
bottom right is the LOW region.

Finally, other experiments were performed to
look for neutrino oscillations with high-energy ar-

12The name of Large Mixing Angle (LMA) has been as-
signed to that region, in the frame of MSW model, to dis-
tinguish from another allowed region, in the Am3, range
of [107* — 107°] eV?, which was called Small Mixing Angle
(SMA). The SMA region has been ruled out by more recent
solar and KamLAND data.
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Table 4: Fluxes of 8B solar neutrinos measured by SNO in the three phases of the data taking.

Data set q)CC (I)ES CI)NC’
x10%m™2s7! | x10%cm™2s7! | x10%cm—2s~!
Phase 1 (306 live days) [21] | 1.767000 000 | 2.397055 015 | 5-0970:4570:43
Phase 2 (391 live days) [69] | 1.687000 008 | 2-357 055 012 | 4-9470:51 7053
Phase 3 (385 live days) [69] | 1.68700: 008 | 1.777035:170% | 5.5470:370:5
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Figure 6: Plot of the number of events vs L/E (L is -
the distance between the neutrino production and 107%¢ S AR R R

the detector and E is the neutrino energy) for the
Super-Kamiokande data (points with error bars);
the histogram is the result of the Monte Carlo sim-
ulation for atmospheric neutrino events without os-
cillations [67].

tificial neutrino beam at short baseline. In partic-
ular, the NOMAD [47] and CHORUS [46] exper-
iments at CERN obtained a null result. On the
other hand, the LSND experiment (see [40] and
Sec. , which took data at Los Alamos with
intermediate energy beam, obtained evidences of
neutrino oscillation, even if the result is controver-
sial.

4.2.2 Checks and refinements of the solar
and atmospheric neutrino measure-
ments

The results obtained by SNO and Super-
Kamiokande on solar and atmospheric neutrinos
have been confirmed by other experiments. We

107! 1
tan26'|z

Figure 7: Allowed regions (68.27%, 95.45%, and
99.73% C.L.) in the oscillation parameter plane ob-
tained fitting the Homestake + GALLEX + Super-
Kamiokande + SNO data in the frame of the MSW
model. Note that these results are based on solar
neutrinos only, without considering KamLAND an-
tineutrino data. From [71].

discuss here: KamLAND, K2K, OPERA, and MI-
NOS. These experiments, despite using using dif-
ferent techniques and different neutrino sources
(reactor 7., accelerator v, beams) have E/L ra-
tios, where F is the neutrino energy and L is
the neutrino baseline, that permit to probe the
same Am? region as the "solar” and ”atmospheric”
data. OPERA is an appearance experiment, Kam-
LAND, K2K, MINOS are disappearance exper-
iments. KamLAND detects the 7.s from the
55 Japanese nuclear reactors; K2K, MINOS, and
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OPERA study the v, beam produced by the KEK,
Fermilab, and CERN accelerators, respectively (see
Sec. . It has to be recalled that it is possible to
consider the v data in the same framework of the
v results only if the CPT invariance is assumed.

The techniques used by these experiments are
very different, see also Sec. [3] K2K is a long base-
line experiment: a 1.3GeV v, beam is sent from
KEK to Super-Kamiokande, 350 km apart. The
E/L ratio is ~5 x 1073 eV?, very close to the at-
mospheric Am3; range.

KamLAND studies the 7, conversion by observ-
ing the 7, produced by nuclear reactors with an
average baseline L ~ 200 km. The E/L ratio falls
just in the range of solar neutrinos.

The goal of the OPERA experiment is direct ex-
perimental observation of the v, appearance in the
v, beam via the conversion v, — v,. The E/L for
OPERA is on the average ~2.4x 1072 eV?, partially
in the range of atmospheric neutrinos. OPERA is
expecting to observe no more than 5 to 8 7 decays.

MINOS is a long baseline experiment with a near
and a far detector. The measured energy spectrum
in the far detector is compared to the predictions
obtained on the basis of the near-detector data. In
this way many sources of systematic uncertainty
cancel out. The E/L is ~4x 1073 eV?, in the range
of atmospheric neutrinos.

The KamLAND experiment had a big impact
since it permitted to discriminate among the pos-
sible solution of the solar neutrino problem. Its
results [72], in fact, ruled out the LOW solution
which was still allowed by the solar neutrino data
only (see Fig. [7) and restricted the LMA region.
This is demonstrated on Fig. |8 from [36]. In the
frame of two neutrino approach the electron an-
tineutrino survival probability can be written as

Am3, L
P(De — De) =1 SiH2 2912 Sin2 ( Tél ) (82)

In this
eters

approximation, the best fit param-
from the KamLAND data only are
(7.58T01%(stat) 4 0.15(syst)) x 10~%eV?
and tan?f, = 0.561080(stat) ) o (syst) [36].
Combining with solar neutrino data, the best fit
parameters are Am2, = 7.597021 x 107°eV? and
tan? 01, = 0477008

K2K [73] studied both the v, disappearance and
a possible appearance of v,: the first to check the

o
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Figure 8: Allowed regions [36] for the oscillation
parameters Am3, and tan® 6, from solar and Kam-
LAND data. The allowed LMA area is the crossing
between the solar and the KamLAND allowed re-
gions.

oscillation parameters in the atmospheric Am3, re-
gion, the second to study the ;3 mixing angle.
From the study of v, disappearance, K2K con-
firmed the results of Super-Kamiokande with at-
mospheric neutrinos and obtained fully consistent
values of the oscillation parameters 1.5 x 1073 <
|Am2,| < 3.4 x 1073eV? and sin? 20,3 > 0.92. In
the search of possible conversion of v, — v, K2K
succeeded to extract only an upper limit for 6.

OPERA has completed its data taking because
the neutrino beam has been switched off at CERN,
where the activity for the upgrading of the LHC
energy has started. The data have been collected
during 797 beam days and up to day the 2008-2009
data have been already analyzed, while the analysis
of the 2010-1012 events is ongoing. OPERA has
observed up to now three v, candidates [45], [74],
one of them is shown in Fig. [0 The probability to
have observed v, appearance from v, corresponds
to ~3.50 C.L.

MINOS measures the muon flavor disappear-
ance with a v, [44] and a v, [75] enhanced beam.
The detected charged current interactions, v, (7, )+
Ny — p (u™) + Ny, give the opportunities to re-
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Figure 9: One of the OPERA v, candidates [74].
In the primary vertex the v, interacts producing a
7, which decays after 376 us into a muon plus neu-
trinos. In addition, the conversion of a v, produced
in the primary vertex, is visible.

ject the 7, (v,) background in the v,(7,) beam, re-
spectively, by analyzing the curvature of the recon-
structed muon track in the magnetic calorimeter.
The statistics of the neutrino data is more than an
order of magnitude higher than the antineutrino
data. The no-oscillation hypothesis is disfavored,
in the case of 7, , at 6.30 C.L. By fitting the data in
the context of two neutrino oscillations and using
independent mass and mixing parameters for the
neutrino and antineutrino case, the best fit results
are:

o for v,: |[Am3,| = 2327003 x 107%eV? and
sin(26s3) > 0.90 (90% C.L.)

o for 7, |Am3| = (3.367070(stat) £
0.06(syst)) x 107%eV? and sin?(20,;) =
0.867515(stat) £ 0.01(syst) .

MINOS has analyzed also the neutral current in-
teractions in order to investigate a possible active
to sterile neutrino mixing. Because the neutral cur-
rent interaction cross sections are the same for the
three flavors, an observation of a neutral current
event depletion between the near and far detectors
could be due to the existence of a fourth sterile
neutrino. MINOS found that the fraction of v,
which may show a transition to a sterile neutrino,

is <22% (90% C.L.) [75].

4.2.3 Low-energy solar neutrinos and the
oscillation in vacuum

The analysis of the solar neutrinos by the Cerenkov
experiments has been carried out with an energy
threshold at ~5MeV of detectable energy (for the
incident neutrinos this threshold is slightly higher
and depends on the reaction). Only SNO tried to
push down the threshold to ~3.5MeV [68], but the
obtained results have large uncertainties. Thus,
the spectrum analyzed by Cerenkov technique cor-
responds to ~0.01% of the total solar spectrum and
concerns the matter-enhanced neutrino oscillation.

The reason of such an high-energy threshold is
the natural radioactivity, present in the environ-
ment and in the materials used to build the de-
tectors. Two main families are present: 232Th
and #*3U; the highest-Q (2.8 MeV) member is 2°°T1
from the 232Th decay chain. Therefore, in order
to safely exclude the natural radioactivity (taking
into account also the energy resolution) from the
data, a high energy threshold had to be applied.

The understanding of the solar-neutrino oscil-
lations which has been reached thanks to the ra-
diochemical and the Cerenkov experiments can be
demonstrated on a plot of the v, survival probabil-
ity as a function of energy, shown in Fig. [10] The
grey band is the prediction of the LMA solution in
the framework of MSW model calculated using the
best fit values of the oscillation parameters from a
global fit of solar + KamLAND data: the thickness
of the band takes into account the uncertainties of
the oscillation parameters. The two plateaus, at
the low and at the high energy regions, correspond
to the oscillation in vacuum and in matter respec-
tively, as it is explained in Sec. 2 The interme-
diate region is called the transition region. The
black experimental point in the high energy region
is obtained from a proper average of the SNO +
Super-Kamiokande data; the other two data points
are from the radiochemical experiments. As it can
be seen, the LMA solution in the frame of MSW
model is validated with good accuracy only for the
matter-enhanced oscillation regime, while checks
of increased precision are needed for the vacuum
regime and the transition region.

The study of the low-energy neutrinos, say below
2MeV, needs a strong effort and the development
of new techniques to strongly suppress the natural
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Figure 10: Solar v, survival probability [76] as a
function of neutrino energy. The data points are
from the radiochemical and the water Cerenkov ex-
periments. The grey band is the prediction of the
LMA solution in the frame of MSW model.

radioactivity background, to purify the active part
of the detector and the shielding materials. Only
one experiment succeeded to solve these problems:
Borexino, installed at the Gran Sasso underground
laboratory, see Sec. [3.3.1]

During the phase 1 (May 2007- July 2010),
Borexino succeeded to measure the "Be [77],
pep [78], B (with the lower threshold down to
3.2MeV) [79] neutrino fluxes and to obtain an up-
per limit for the CNO neutrino flux [78]. In Tab.
we summarize the measured rates, while in Tab. [f]
we compare the corresponding fluxes, calculated by
using the best fit oscillation parameters, with the
predictions obtained by the "low™ (AGSS09 [52])
and the "high” metallicity (GS98 [51]) SSMs. The
fluxes measured by Borexino and by the Cerenkov
experiments are in good agreement with the SSM
predictions, but are unable to discriminate between
high and low metallicity, mainly due to the experi-
mental errors and uncertainties in solar model con-
struction.

The impact of Borexino results on the determi-
nation of the solar v, survival probability, is shown
in Fig. [T} In addition of the new measurements
of "Be and pep neutrino fluxes, the constraints on
the pp flux is much improved following the "Be-v
flux knowledge. Thus, the plateau corresponding
to the vacuum regime is validated and through the
"Be and the pep neutrinos (this last even if with

Table 5: Solar-neutrino rates as measured by

Borexino.
Reaction | Rate
in the Sun | [counts / day / 100 tons]
"Be 46 + 1.59(stat) | 2 (syst)
pep 3.13 £ 0.55(stat) £ 0.23(syst)
CNO <14
*B 0.22 4 0.04(stat) £ 0.01(syst)

large errors) a check of the transition region has
started. Finally, the ®B analysis is extended to
lower energies.

A further result of the Borexino phase 1 is
the measurement [71] of the day/night asymmetry
Appn defined as:

Ry — Rp

Apy =2————
bN Ry + Rp

(83)
for the rate of the “Be neutrinos, Ry and Rp be-
ing the corresponding rates during the day and
night. It has been found null at ~1% error: Apy =
0.001£0.012(stat)40.007(syst). In a global fit with
solar results only, this result is able to rule out the
LOW region (see Fig. [7| for the situation before
Borexino), at 6.20 C.L., and thus, without assum-
ing the CPT invariance which is instead implicitly
assumed when KamLAND anti-neutrino measure-
ments are taken into account (see Fig. .

All these results will be improved by Borexino
during the phase 2 because of the further radio-
contaminants reduction and the effort to leave un-
touched the detector during at least three years.
The phase 2 goals are: 1) the reduction of the
uncertainties on the “Be and pep neutrino fluxes;
2) the direct measurement of the pp neutrino flux;
3) either an improvement of the upper limit or a
direct measurement of the CNO neutrino flux; 4)
a measurement of the solar neutrino flux seasonal
variation. The physics impact of these goals con-
cern the determination of the shape of the vacuum-
to-matter transition region of the solar-v, survival
probability, which could be influenced by the Non-
Standard neutrino Interactions (NSI) [80] or by the
existence of an ultra-light sterile neutrino [63], [81].
In the same direction goes the effort to measure
with reduced errors the ®B-neutrino flux allowing
an experimental point in the range 3-5 MeV.
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Table 6: Comparison between the SSM predictions for the solar neutrino fluxes with high (GS98) and
low metallicity (AGSS09) and the experimental results. The CNO flux corresponds to the sum of the

13N, 150 and !"F solar neutrino components.

\ GS98 \ AGSS09 \ Experimental result
pep | 1.44£0.017 | 1.47 £0.018 | 1.6 £ 0.3 (Borexino)
e |5.0040.35 |4.56+£0.32 | 4.87 & 0.24 (Borexino)
CNO | 5.25£0.79 |3.76£0.56 | <7.7 (95% C.L.) (Borexino)
5B 5.58£0.78 | 459+0.64 | 52+0.3 (SNO + SK + Borexino + KamLAND)
5.25 + 0.16(stat) T0 01, (syst) (SNO-LETA)

Note:
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Figure 11: Solar v, survival probability [78] as a
function of neutrino energy including all solar (with
Borexino) experimental results. The grey band is
the prevision of the LMA solution in the frame of
MSW model.

4.2.4 A third Am? range around 1eV??

The possibility of a Am? with a higher value than
the solar and atmospheric ones has been consid-
ered in connection with the LSND [40] and Mini-
BooNE [41] data. Both these experiments are short
baseline projects and the short distance between
the neutrino source and the detector makes them
impossible to observe oscillations driven by ”atmo-
spheric” mass difference Am2; or by the ”solar”
mass difference Am3;.

LSND has taken data during the periods 1993-
1995 and 1996-1998 at Los Alamos Neutron Science
Center with a 7, beam produced by 7 and p* de-
cays, most of which at rest, and a v, beam. The
energy spectrum of both neutrinos and antineutri-
nos is broad, the maximum of the spectrum is at

The neutrino fluxes are given in units of 10° ("Be), 10% (pep, CNO), and 10° (®B) cm=2s~!.

~60MeV for v, and at ~45MeV for v,. The dis-
tance between the beam stop and the detector is
30m. Therefore E/L is spanning around 1eV?.

Strong effort has been devoted to reject the elec-
tron induced reactions, but in any case the electron
background in the beam is very limited. In addi-
tion, the energy range is restricted within 20 <
E < 200 MeV to study the oscillation v, — 7,
and within 60 < E < 200 MeV for v, — v, in
order to suppress various background sources. The
v, are identified, as usual, through the inverse beta
decay, see Eq. [T3]

In the runs with 7, LSND founds an excess of
117.9 + 22.4 inverse beta-decay interactions. Sub-
tracting from this sample 19.5 + 3.9 events due
to p~ in the beam and 20.5 4+ 4.6 events due to
V,+p — pt +n, afinal sample of 87.94+22.44+6.0
events remain. The maximum likelihood best fit
for Am? falls in the range 0.2 - 2.0eV? [40]. LSND
does not find any effect with the v, beam.

A check of this result has been carried out by
the experiment KARMEN with a detector and an
energy similar to LSND, but with a distance from
the neutrino source of 17.5m. KARMEN, which
is installed at the ISIS facility of the Rutherford
Appleton Laboratory, did not find any evidence of
v, — U, oscillation, but its sensitivity is lower than
LSND. In any case, KARMEN succeeded to rule
out a large part (but not all) of the (Am?, sin® 20)
region [82] allowed by LSND.

More recently a new collaboration, which some
LSND members have joined, designed and carried
out the experiment MiniBooNE [41] at Fermilab,
just to check the LSND results. They use a v,
beam, peaking at 600 MeV of energy, and a 7,
beam at 400 MeV, while the detector is located at
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541 m from the beam target, thus with an F/L in
the same range of LSND. The signature of a possi-
ble transition v, — v, and 7, — 7, is an excess of
charged-current quasi-elastic events induced by v,
and 7.

MiniBooNE finds 480 events passing the 7,
event selections at the neutrino energy range 200
- 3000 MeV, to be compared with the background
expectation of 399.6+20.0(stat) £20.3(syst). Then
the excess is 78.4 + 28.5 (2.80) [41].

But, contrary to LSND, MimiBooNE observes
also an v, excess of 128.8 & 43.4 in the v, beam,
in the range 200 - 475 MeV | while no excess has
been observed above 475 MeV. The best fits for the
oscillation parameters for the antineutrino mode,
quoted by MiniBooNE in various papers, using a
two neutrino approach, vary from some hundredths
to some tenths of eV? for Am?, and from some
tenths to few hundredths for sin? 26.

These oscillation parameters can only be al-
lowed by assuming a fourth sterile (anti)neutrino,
which does not interact, but mix with the active
(anti)neutrinos. The present status of the art on
this topic is summarized in Fig. [12] where the al-
lowed and excluded regions in the (Am?2, sin?26)
plane by LSND, MiniBooNE, and KARMEN are
shown.

4.2.5 The mixing angle 63

In the framework of three neutrino oscillations, if
we neglect for simplicity CP-violating effects (i.e.
we set the CP phase 0 = 0, see Sec. , there
are five parameters, two squared mass differences
Am3,, Am3, and three angles 0y, 03, 013. These
parameters have been measured by the experi-
ments described in the previous paragraphs, ex-
cept the angle #13 for which, however, an upper
limit was obtained. Therefore, in order to measure
613, high statistics and very low systematic errors
are needed. Omne important improvement can be
reached using in the same experiment two detec-
tors, one close to the neutrino source (near detec-
tor) and another one (far detector) at a distance
of few kilometers (in case of low energy neutrinos)
or some hundreds of kilometers (in case of high en-
ergy neutrinos). In a set-up with both near and far
detectors many sources of systematic cancel out.
Three experiments, which succeeded to achieve
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Figure 12: The allowed regions for v, — 7, and
v, — v, from the MiniBooNE data [41] are shown.
In the case of antineutrinos, they are compared
with the LSND allowed region and with the KAR-
MEN exclusion plot (to the right of the dashed
line).

a 13 measurement, are assembled with near and
far detectors: Daya Bay, RENO, and T2K. Daya
Bay [83] consists of 6 detectors, exposed at 6 nu-
clear reactors at 26 different distances ranging from
362 to 1925 m. RENO [38] also detects the reac-
tor v, with the two detectors at 294 m and 1393 m
from the center of a six reactor array. In T2K [89],
which is a second generation follow-up to the K2K,
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a v, beam is sent off-axis (2-3°, in order to re-
duce the beam energy below 1GeV and then to
have a proper E/L) to Super-Kamiokande detec-
tor, 295 km away, with a near detector 280 m from
the beam target. A further experiment, Double
Chooz [39], has taken data with only a far detector
(1050 m away) exposed to 2 reactors.

All detectors make use of the liquid scintillator
technique, with the only exception of the magnetic
tracking system of the T2K near detector. Daya
Bay, RENO, and Double Chooz are disappearance
experiments, while T2K is looking for appearance
of v, in a v, beam. All detectors are installed under
some hundreds meters of water equivalent overbur-
den.

The experiments exposed to reactor antineutri-
nos determine the 7, survival probability that in
the context of three neutrino oscillations is given
by Eq. . Neglecting the term proportional to
S12, this can be written as:

1.267Am2, L
P (7. — 7.) = 1—sin® 20,3 sin? < Mas [m])

E[MeV]
(84)
The 63 values that are obtained from the experi-
mental data are summarized in Tab. [7.
T2K observed 21 v, candidates. The oscilla-
tion probability P (v, — v.) can be deduced from

Eq. obtaining approximately:

Py, —v.) =

1.267Am2. L
sin? O3 sin? 26,5 sin? ( mas L [m) ) (85)

E[MeV]

From the experimental results, one obtains
sin? 013 = 0.104 + 0.060(stat) 4= 0.045(syst).

4.2.6 A global analysis

The most powerful tool to extract information on
neutrino parameters is provided by global anal-
ysis in which all experimental neutrino data are
fitted simultaneously in the context of three neu-
trino oscillations. In fact, this approach pro-
vided the evidence (and the magnitude) for non
zero 013 before the direct experimental measure-
ments were performed (see Fogli et al. [84]). We
present here the status of global fits by review-
ing the results of [85] (for a similar approach see
also [80]). In this global analysis the following

experimental information are included: the at-
mospheric neutrino data (Super-Kamiokande [87]
phase 1-4), the long baseline accelerator experi-
ments (K2K [26], disappearance and appearance
data of MINOS [88] and T2K [89]), the reactor ex-
periments (CHOOZ [90], Palo Verde [91], Double-
Chooz [92], Daya Bay [93], RENO [38], Kam-
LAND [94]), solar radiochemical (Homestake [12],
GALLEX [16], SAGE [15]) and solar real-time
experiments (Super-Kamiokande [95], SNO [20],
Borexino [77, [79]). The best fit oscillation param-
eters and the corresponding allowed regions are
shown in Tab. [§f The two columns correspond
to two different assumptions for the reactor neu-
trinos. In the first, the fit is carried out allow-
ing for a free normalization of the reactor neu-
trino fluxes and including in the analysis the re-
sults of the reactor experiments with very short
baseline L < 100m (RSBL), as Bugey, ROVNO,
Krasnoyarsk, ILL, Gosgen, and SRP. The results
presented in the second column are, instead, ob-
tained by assuming the recent reactor fluxes calcu-
lated by Huber et al. [62] and leaving out RSBL
data. These two choices permit to explore the rele-
vance of the reactor neutrino flux normalization in
the extraction of neutrino parameters, taking also
into account that recent calculations of the reac-
tor fluxes as in Mueller et al. [61] and Huber et
al. [62] give a deficit of about 3% with respect to
the previous flux evaluations [59, [60]. The adopted
choice slightly affects the 6,5 determination, partly
due to the tension between the new fluxes and the
RSBL data (the reactor anomaly): an increase of
statistics of the Daya Bay and Reno will reduce the
uncertainty connected with this choice.

For sin? 6,3, two disconnected 1o intervals are
shown, the first-one corresponds to the absolute
minimum while the second-one represents a sec-
ondary local minimum. The global analysis prefers
a non-maximal value of fs3; this result is mostly
driven by the MINOS v, disappearance results.

We also see that there is a marginal sensitivity
to ¢ provided by the combination of the MINOS
disappearance results, the v, — v, data from long
baseline experiments, and the atmospheric data.

Finally, while the sign of the mass difference
Am?2, is determined from matter effects in solar
neutrino oscillation, the sign of the “atmospheric”
mass splitting Am32, ~ AmZ, is not known. Corre-
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Table 7: Results of the 6;3 measurements from the three experiments detecting the 7, from nuclear

reactors.
Experiment | N(measured)/N(expected) events | sin® 63
Daya Bay 0.944 £ 0.007(stat) = 0.003(syst) | 0.089 £ 0.010(stat) & 0.005(syst)
RENO 0.920 £ 0.009(stat) = 0.014(syst) | 0.113 £ 0.013(stat) £ 0.019(syst)

Double Chooz

0.097 & 0.034(stat) = 0.034(syst)

spondingly, we have two different options, the nor-
mal hierarchy (NH) for AmZ, > 0 and the inverted
hierarchy (IH) for Am3, < 0, that provide a fit of
very similar quality to the available data set.

5 Open problems and future
projects

In neutrino physics, there are still many open
problems. Concerning neutrino oscillations, the
more relevant issues are the determination of neu-
trino mass hierarchy, the measurement of the CP
phase §, and the precise evaluation of a3 (see also
Sec. . Of course, there is a much vaster play-
ground to play, considering such exciting possibil-
ities as the existence of sterile neutrino, of Non
Standard neutrino Interactions (NSI), the deter-
mination of the origin of neutrino mass (Majorana
versus Dirac), the absolute mass of neutrinos, the
role of neutrinos in cosmology and possible connec-
tions to dark matter. The phenomenon of neutrino
oscillations, to which is dedicated this review, pro-
vides still a unique tool to answer several of these
questions. This last Section is dedicated to some
future prospects of physics of neutrino oscillations.

The CP violation was observed so far only in the
quark sector and the CP violation in the leptonic
sector is still a big unknown. Among the current
and near-future experiments, T2K and NOvA [90]
have a limited sensitivity to CP violation via study-
ing the v, — v, versus v, — v, appearance. The
NOvA experiment at NuMI beam is finalizing the
construction phase at FNAL. A much improved
sensitivity to 0 and a strong discovery potential is
expected only for the experiments of not so im-
mediate future. T2HK (HK stands for Hyper-
Kamiokande) will be a successor of T2K, with
upgraded J-PARC beam and with the far detec-

tor represented by a next generation underground
water Cerenkov detector Hyper-Kamiokande [07]
with about 1 Mton of fiducial mass. The Hyper-
Kamiokande construction is expected to start in
2016. The DAESALUS [99], a phased neutrino
physics program using cyclotron decay-at-rest neu-
trino sources would have a strong discovery poten-
tial when combined with Hyper-Kamiokande as the
detector. The Long Baseline Neutrino Experiment
(LBNE) [98], planning to use the strong neutrino
beam from Fermilab travelling 1300 m baseline to
34 kton liquid argon time-projection chamber has
been recently approved. LAGUNA-LBNO (Large
Apparatus for Grand Unification [I00] and Neu-
trino Astrophysics and Long Baseline Neutrino Os-
cillations [I01]) is a European long baseline project
using CERN neutrino beam. The v, — v, versus
Ve — U, appearance is a music of far future of
v-factories (v’s from decays of p’s from accelera-
tor) and -beams (v’s from [-decays of light nu-
clei) which would have a decisive sensitivity to §
but face a problem of exceeding costs.

The long-baseline projects mentioned before for
the CP violation search in the neutrino sector
have also the ability to determine the neutrino
mass hierarchy. For example, LBNE, jointly with
T2K/NOvA, can in principle address the mass hi-
erarchy issue with a significance of more than 3o
by 2030. Hyper-Kamiokande can get a similar dis-
covery reach on a comparable timescale through
the combination of atmospheric neutrino data with
a shorter baseline measurement. In principle, the
LAGUNA-LBNO project can afford a very high
sensitivity, more than 5o, and with a relatively lim-
ited data taking period (few years), thanks to its
very long baseline. Several other experiments have
been discussed and proposed which may have the
capability to test the neutrino mass hierarchy on
a time frame shorter than that of the long base-
line projects. Among these alternatives, the most
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Table 8: Neutrino oscillation parameters from a global fit from [85]. Details in text.

Parameter ‘ Unit

(1)

| 2)

sin? 0}, - 0.302;%;@? 0.311$§;§i§
0 ° 33.367 33.87"

-122 0 [ ] 0 413+8I(7)§7 0.59410-021 | 416+828g6 0.60079-019
sin” 023 - Lo g5 D U.094_ggag | U410 _gga9 @ U.OUU_y o6
fos ] 40.0721 . @ 50.4713 401138 @ 50.7712
sin? 6,5 - 0.0225243;8332 0.0222;8;8833
913 [O] 8661—6%46 9 21_05%5
5 [O] 30()—1_138 2981—145
Am?, [10—5evz 7.50%30 . 7 51t§;§g055
Am?2, (NH 107 3eV 24737 2.4897
Am? (aH; {10—3ev2} —2 4270*006542 9 468073

32 241-0.065 -*99-0.065

promising approaches seem to be reactor neutri-
nos (JUNO [102] formerly known as Daya Bay II)
and atmospheric neutrinos in ice (PINGU [103]
at IceCube) or water (ORCA [I04]). Through
a significant breakthrough in the technology and
in the detector performance, JUNO is targeted
to a potential sensitivity of more than 3o (40),
depending upon present and future uncertainties
on Am3,. The experiment has been already ap-
proved in China and an international Collabora-
tion is being formed for its construction and oper-
ation. PINGU, as well as ORCA, could guarantee
extremely good statistical sensitivity to the hier-
archy, provided the systematic effects are under
control and well understood. Actually, the esti-
mates of the sensitivity may vary depending upon
the choice of oscillation parameters and hierarchys;
in an optimistic configuration, a 40 measurement
could be obtained after 3 years of data.

In the solar neutrino physics, the most important
open issues are the determination of the v, survival
probability P(v, — v,) in the transition region and
the measurement of the CNO-neutrino flux.

The LMA solution of the solar neutrino problem
predicts an upturn in P(v, — v,) at E =~ few MeV
that corresponds to the transition from matter-
enhanced oscillations (high-energy end) to vacuum-
averaged oscillations (low-energy end), see Sec.
and the grey bend in Fig. [[1} The observation of
this feature would be the final confirmation of the
LMA paradigm. However, the experiments that
measure solar neutrinos have not observed it yet.
The statistics in each individual experiment does

not allow firm conclusions, but the effect indicating
deviations from the LMA predictions is systemati-
cally present in all data. Super-Kamiokande, SNO-
LETA, and BOREXINO seem to favor a flat dis-
tribution. In particular, Super-Kamiokande data
disfavor the expected upturn at 1.3 to 1.90 C.L. In
addition, the Homestake result is about 1.50 below
the LMA prediction.

The shape of P(v. — v,) in the transition re-
gion could be strongly influenced by the possible
existence of the Non Standard neutrino Interac-
tions (NSI) [80] and/or of an ultra-light sterile neu-
trino [63, 81]. As an example, in presence of an
ultra-light sterile neutrino that mixes very weakly
with active neutrinos, a dip in the P(v. — v,) is
expected in the transition region; its precise po-
sition is determined by the sterile neutrino mass
and its width and depth depend on the mixing an-
gle [63]. The possibility of neutrino NSI with other
fermions has been predicted by several extensions
of the SM, as for instance the left-right symmetric
models and supersymmetric models with R-parity
violation. The NSI can be described at low energy
by effective four fermion interactions:

Lnst = —2V2G el (D" Povg) (fr.Pof’)

(86)
where G is the Fermi constant, o and 3 are the
neutrino flavors, f and f’ are the electron or the
light quarks, P is the chirality of the operator,
C' can be L or R, and finally ei’jg’d is a dimension-
less number which, coupled with the weak coupling
constant, parameterizes the strength of the inter-

action. Also in this case the shape of P(v, — ) in
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the transition region is influenced by the NSI and
its study can limit the range of the parameter e.
Even more effective is its study in the v — e elas-
tic scattering. In order to constrain the shape of
the transition region, it is critical to achieve a mea-
surement as precise as possible of pep, CNO, and
8B (with a lower energy threshold down to 3 MeV)
solar neutrinos. In addition to this, a measurement
of CNO neutrinos is important also for other pur-
poses.

The CNO bi-cycle contributes for ~1% of the en-
ergy emitted by Sun. Despite being sub-dominant
in the Sun, the CNO cycle has, however, a key role
in astrophysics, being the prominent source of en-
ergy in more massive stars and in advanced evolu-
tionary stages of solar-like stars. The evaluation of
CNO efficiency is connected with various interest-
ing problems, like e.g. the determination of globu-
lar clusters age from which we extract a lower limit
to the age of the Universe. At the moment, we still
miss a direct observational evidence for CNO en-
ergy generation in the Sun. The detection of CNO
solar neutrinos would clearly provide a direct test
of the CNO cycle efficiency. The measurement of
the CNO solar neutrino flux can also provide clues
to solve the so called ”solar composition problem”
(see Sec. . The flux is, in fact, directly related
to the abundance of carbon, nitrogen, and oxygen
in the core of the Sun and, so to the admixture
of heavy elements. Thus, a determination of the
CNO flux can help in solving the solar metallicity
puzzle.

In the neutrino physics, one important problem
is the possible existence of a fourth sterile neutrino.
The LSND [40] and MiniBooNE [41] results (see
Sec. need independent checks, which could
either rule out or confirm a third Am? around
1eV2.  In addition, other two indications exist,
which could favor the hypothesis of the fourth ster-
ile neutrino: the reactor anomaly [61], 62] and the
calibration of the radiochemical experiments with
artificial sources [105]. The comparison of the an-
tineutrino flux from nuclear reactors with the re-
sults of short baseline reactor experiments shows,
in fact, a deficit of ~3.5%. A deficit has been also
evidenced in the GALLEX [16] and SAGE [17] cali-
brations campaigns with a 5!Cr source (SAGE also
with a 37Ar source [I8]). Each of these deficit is
at ~30 level. A possible interpretation of these

anomalies is connected to oscillations into new light
sterile neutrino.

The existence of sterile neutrinos appears in
many extensions of the Standard Model: they
would be simply gauge singlets of the model. The
simplest model (3 + 1 scheme) introduces only one
sterile neutrino v,. In this scenario the four fla-
vor eigenstates (v, v, V-, vs) mix through the ma-
trix elements (Ueq, Uys, Ura, Ugy) with a fourth mass
eigenstate v4. The Am?, (i = 1,2,3) are supposed
to be ~ 1eV? in order to provide explanation of
the observed anomalies and, thus, they are much
larger with respect to solar and atmospheric mass
splittings.

The neutrino community favors new and deci-
sive experimental tests on this matter [106]. Four
experiments will try to address these problems in
the near future: Borexino, Borexino-SOX, Micro-
BooNE, and Icarus-Nessie.

Borexino phase 2 has as a possible goal the ex-
perimental reproduction of the survival-probability
transition region.

Borexino-SOX [107] is a project, in which the
Borexino detector is taking data with a *1Cr v,
source installed in a small tunnel below it, at ~8 m
from the detector center. The E/L is in the same
range as that of the LSND and MiniBooNE exper-
iments. It will look for the possible existence of a
sterile neutrino, and will give an important check
on the NSI, studying the v — e elastic scattering.

MicroBooNE is an experiment based on a 70 tons
fiducial volume Liquid Argon Time Projection
Chamber exposed to the NuMI neutrino beamlines
at Fermilab. Its goal is to repeat the same mea-
surements of MiniBooNE with high resolution at
low energy, starting below 200 MeV [108].

Finally, Icarus-Nessie is an experiment using the
Icarus Liquid Argon Time Projection Chamber
technique coupled to near and far spectrometers
exposed to v, and 7, beams with an E/L ~ 1eV?,
again to check the possible sterile-neutrino exis-
tence [109)].

Conflict of Interests

The authors declare that there is no conflict of in-
terests regarding the publication of this article.

33



References

1]

[10]

[11]

[13]

B. Pontecorvo, ”Mesonium and anti-
mesonium”, Sov. Phys. JETP, Vol. 6,
429, 1957; B. Pontecorvo, J. Exp. Theor.
Phys., Vol. 33, 549, 1957; B. Pontecorvo, J.
Exp. Theor. Phys., Vol. 34, 247, 1958.

L. Wolfenstein, ” Neutrino Oscillations in Mat-
ter”, Phys. Rev. D, Vol. 17, 2369-2374, 1978.

S. P. Mikheev and A. Y. Smirnov, ”"Reso-
nance Amplification of Oscillations in Matter
and Spectroscopy of Solar Neutrinos”, Sov. J.
Nucl. Phys., Vol. 42, 913-917, 1985 and Nuovo
Cim. C, Vol. 9, 17-26, 1986.

C. Giunti and C. W. Kim, ”Fundamentals of
Neutrino Physics and Astrophysics”, Oxford
University Press.

S. M. Bilenky, C. Giunti and W. Grimus,
"Phenomenology of neutrino oscillations”,
Prog. Part. Nucl. Phys., Vol. 43, 1, 1999.

A. Strumia and F. Vissani, " Neutrino masses,
mixings and ...”, e-Print: hep-ph/0606054,

IFUP-TH-2004-1.

J. Beringer et al. (Particle Data Group), " The
Review of Particle Physics”, Phys. Rev. D,
Vol. 86, 010001, 2012.

S. M. Bilenky, J. Hosek and S. T. Petcov, ”On
Oscillations of Neutrinos with Dirac and Ma-
jorana Masses”, Phys. Lett. B, Vol. 94, 495-
498, 1980.

M. Blennow and A. Y. .Smirnov, ”Neutrino
propagation in matter”, Adv. High Energy
Phys., Vol. 2013, 972485, 2013.

T. K. Kuo and J. T. Pantaleone, ”"Nonadia-
batic Neutrino Oscillations in Matter,” Phys.
Rev. D, Vol. 39, 1930-1939, 1989.

T. K. Kuo and J. T. Pantaleone, ”Neutrino
Oscillations in Matter”, Rev. Mod. Phys., Vol.
61, 937-979, 1989.

B.T. Cleveland et al. (Homestake Collabo-
ration), "Measurement of the Solar Electron
Neutrino Flux with the Homestake Chlorine
Detector”, Ap. J., Vol. 496, 505-526, 1998.

J.N. Bahcall, ”Neutrino Astrophysics”, Cam-
bridge University, Cambridge, 19809.

34

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

23]

W. Hampel et. al. (GALLEX Collaboration),
"GALLEX solar neutrino observations: re-
sults for GALLEX IV”, Phys. Lett. B, Vol.
447, 127-133, 1999.

J. N. Abdurashitov et al. (SAGE Collabora-
tion), ” Measurement of the solar neutrino cap-
ture rate with gallium metal”, Phys. Rev. C,
Vol. 60, 055801, 1999; J.N. Abdurashitov et
al. (SAGE Collaboration), ”Measurement of
the solar neutrino capture rate with gallium
metal. III. Results for the 2002-2007 data-
taking period”, Phys. Rev. C, Vol. 80, 015807,
2009.

F. Kaether et al., ”Reanalysis of the GALLEX
solar neutrino flux and source experiments”,
Phys. Lett. B, Vol. 685, 47-54, 2010.

J. N. Abdurashitov et al. (SAGE Collabora-
tion), ”Measurement of the response of a gal-
lium metal solar neutrino experiment to neu-

trinos from a ®!Cr source”, Phys. Rev. C, Vol.
59, 2246, 1999.

J. N. Abdurashitov et al. (SAGE Collabora-
tion), ”Measurement of the response of a Ga
solar neutrino experiment to neutrinos from a
37Ar source”, Phys. Rev. C, Vol. 73, 045805,
2006.

M. A. Acero, C. Giunti and M. Laveder, ” Lim-
its on nu(e) and anti-nu(e) disappearance from

Gallium and reactor experiments”, Phys. Rev.
D 78, 073009, 2008

B. Aharmin et al. (SNO Collaboration),
”Combined Analysis of all Three Phases of So-
lar Neutrino Data from the Sudbury Neutrino
Observatory”, larXiv:1109.0763, 2011.

Q. R. Amhad et al. (SNO Collaboration), ” Di-
rect Evidence for Neutrino Flavor Transforma-
tion from Neutral-Current Interactions in the

Sudbury Neutrino Observatory”, Phys. Rev.
Lett., Vol. 89, 011301, 2002;

S. Fukuda et al. (The Super-Kamiokande Col-
laboration), ”The Super-Kamiokande Detec-
tor”, Nucl. Instr. Meth. A, Vol. 501, 418-462,
2003.

K. Hirata et al. (Kamiokande Collaboration),
”Observation of 8B Solar Neutrinos in the
Kamiokande-II Detector”, Phys. Rev. Lett.,
Vol. 63, 16-19, 1989.


http://arxiv.org/abs/hep-ph/0606054
http://arxiv.org/abs/1109.0763

[24]

[25]

[28]

[29]

[30]

[32]

[33]

[35]

| R. Becker-Szendy et al., Search for muon
neutrino oscillations with the Irvine-Michigan-
Brookhaven detector, Phys. Rev. Lett., Vol.
69, 1010-1013, 1992.

Y. Fukuda et al. (The Super-Kamiokande Col-
laboration), ”"Evidence for Oscillation of At-
mospheric Neutrinos”, Phys. Rev. Lett., Vol.
81, 1562-1567, 1998.

M. H. Ahn et al, (The K2K Collaboration),
"Measurement of neutrino oscillation by the
K2K experiment”, Phys. Rev. D, Vol. 74,
072003, 2006.

K. Abe et al, (The T2K Collaboration),
"Indication of Electron Neutrino Appearance
from an Accelerator-Produced Off-Axis Muon
Neutrino Beam”, Phys. Rev. Lett., Vol. 107,
041801, 2011.

F. Reines and C. L. Cowan, Jr., " Detection of
the Free Neutrino”, Phys. Rev., Vol. 92, 830-
831, 1953.

E.N. Alekseev et al. (BUST Collaboration),
"The Baksan Underground Scintillation Tele-
scope”, Phys. Part. Nucl., Vol. 29, 254-256,
1998.

M. Aglietta et al. (LSD Collaboration), ”Re-
sults of the Liquid Scintillation Detector of the
Mont Blanc Laboratory”, Nuovo Cim. C, Vol.
9, 185-195, 1986.

M. Aglietta et al. (LVD Collaboration), ” The
Most powerful scintillator supernovae detec-
tor: LVD”, Nuovo Cim. A, Vol. 105, 1793-
1804, 1992.

G. Zacek et al., ”"Neutrino oscillation experi-
ments at the Gosgen nuclear power reactor”,
Phys. Rev. D, Vol. 34, 2621-2636, 1986.

M. Abbeset al., ”The Bugey-3 neutrino detec-
tor”, Nucl. Instrum. Meth. A, Vol. 374, 164-
187, 1996.

G. Alimonti et al. (Borexino Collaboration),
"The Borexino detector at the Laboratori

Nazionali delran Sasso”, Nucl. Instr. and Meth
A, Vol. 600, 568-593, 2009.

G. Alimonti et al. (Borexino Collaboration),
"The liquid handling systems for the Borex-
ino solar neutrino detector”, Nucl. Instr. and
Methods A, Vol. 609, 58-78, 20009.

35

[36]

[39]

[40]

[41]

[45]

[46]

[47]

S. Abe et al. (KamLAND Collaboration),
”Precision Measurement of Neutrino Oscilla-
tion Parameters with KamLAND”, Phys. Rev.
Let., Vol. 100, 221803, 2008.

F. P. An et al. (Daya Bay Collaboration),
”Observation of Electron-Antineutrino Disap-

pearance at Daya Bay”, Phys. Rev. Lett., Vol.
108, 171803, 2012.

J. K. Ahn et al., (RENO Collaboration), ”Ob-
servation of Reactor Electron Antineutrinos
Disappearance in the RENO Experiment”,
Phys. Rev. Lett., Vol. 108, 191802, 2012.

S. Abe et al. (Double Chooz Collaboration),
"First measurement of #,35 from delayed neu-
tron capture on hydrogen in the Double Chooz
experiment”, Phys. Lett. B, Vol. 723, 66-70,
2013.

A. Aguilar et al., (LSND Collaboration), " Ev-
idence for neutrino oscillations from the obser-
vation of 7, appearance in a 7, beam”, Phys.
Rev. D, Vol. 64, 112007, 2001.

A. A. Aguilar-Arevalo et al. (MiniBooNE Col-
laboration), ”Improved Search for 7, — 7,
Oscillations in the MiniBooNE Experiment”,
Phys. Rev. Lett., Vol.110, 161801, 2013.

H. Gemmeke et al., ”The High resolution neu-
trino calorimeter KARMEN”, Nucl. Instrum.
Meth. A, Vol. 289, 490-495, 1990.

(MACRO Collaboration) G. Giacomelli and
A. Margiotta,” MACRO results on atmo-
spheric neutrinos”, Nucl. Phys. Proc. Suppl.,
145, 2005.

D. G. Michael et al. (MINOS Collaboration),
”Observation of Muon Neutrino Disappear-
ance with the MINOS Detectors in the NuMI
Neutrino Beam”, Phys. Rev. Lett., Vol. 97,
191801, 2006.

N. Agafonova et al., (OPERA Collaboration),
"Search for oscillation v, — v, with the
OPERA experiment in the CNGS beam”,
New J. Phys., Vol. 14, 033017, 2012.

D. Macina et al. (CHORUS Collaboration),
"The CHORUS experiment”, Nucl. Phys.
Proc. Suppl., Vol. 48, 183-187, 1996.

J. Altegoer et al. (NOMAD Collaboration),
"The NOMAD experiment at the CERN



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[60]

[61]

SPS”, Nucl. Instrum. Meth. A, Vol. 404, 96-
128, 1998.

C. Rubbia et al. (ICARUS Collaboration),
”Underground operation of the ICARUS T600
LAr-TPC: first results”, JINST, Vol. 6,
P07011, 2011.

A. Serenelli, W. C. Haxton, C. Pena-Garay,
”Solar models with accretion. I. Application
to the solar abundance problem”, Ap. J., Vol.
743, 24, 2011.

V. Castellani et al., ”Solar neutrinos: beyond
standard solar models”, Phys.Rept., Vol. 281,
309-398, 1997.

N. Grevesse and A.J. Sauval, ”Standard So-
lar Composition”, Space Science Rev., Vol. 85,
161-174, 1998.

M. Asplund et al., " The chemical composition
of the Sun”, Ann. Rev. Astr. Astroph., Vol.
47, 481-522, 2009.

S. Basu and H. M. Antia, ”Helioseismology
and solar abundances”, Phys. Rept., Vol. 457,
217-283, 2008.

M. Honda et al., ”Calculation of the flux of
atmospheric neutrinos”, Phys. Rev. D, Vol. 52,
4985-5005, 1995.

M. Honda et al., ”Atmospheric neutrino
fluxes”, Phys. Lett. B, Vol. 248, 193-198, 1990.

S. Barr, T.K. Gaisser, and T. Stanev, ”Flux
of atmospheric neutrinos”, Phys. Rev. D, Vol.
39, 3532-3534, 1989.

V. Agrawal et al., ” Atmospheric neutrino flux
above 1 GeV”, Phys. Rev. D, Vol. 53, 1314-
1323, 1996.

T.K. Gaisser and T. Stanev, in Proc. 24th Int.
Cosmic Ray Conf. (Rome), Vol. 1, 694-697,
1995.

P. Vogel et al., "Reactor antineutrino spectra
and their application to antineutrino-induced
reactions”, Phys. Rev. C, Vol. 24, 1543-1553,
1981.

P. Huber and T. Schwetz, ”Precision spec-
troscopy with reactor antineutrinos”, Phys.
Rev. D, Vol. 70, 053011, 2004.

Th.A. Mueller et al., ”Improved predictions of
reactor antineutrino spectra”, Phys. Rev. C,
Vol. 83, 054615, 2011.

36

[62]

[63]

[64]

[65]

[67]

[70]

[73]

P. Huber, ”Determination of antineutrino

spectra from nuclear reactors”, Phys. Rev. C,
Vol. 84, 024617, 2011.

P.C. de Holanda and A.Yu. Smirnov, ”Solar
neutrino spectrum, sterile neutrinos, and ad-

ditional radiation in the Universe”, Phys. Rev.
D, Vol. 83, 113011, 2011.

K. S. Hirata et al. (Kamiokande Collabora-
tion), "Real-time, directional measurement of
8B solar neutrinos in the Kamiokande II detec-
tor”, Phys. Rev. D, Vol. 44, 2241-2260, 1991.

Y. Fukuda et al. (Super-Kamiokande Collab-
oration), ”Evidence for Oscillation of Atmo-
spheric Neutrinos”, Phys. Rev.Lett., Vol. 81,
1562-1567, 1998.

K. S. Hirata et al. (Kamiokande Collabora-
tion), ” Experimental study of the atmospheric
neutrino flux”, Phys. Lett. B, Vol. 205, 416-
420, 1988.

Y. Ashie et al. (Super-Kamiokande Collabora-
tion), ” Evidence for an oscillatory signature in

atmospheric neutrino oscillation”, Phys. Rev.
Lett., Vol. 93, 101801, 2004.

B. Aharmim et al. (SNO Collaboration),
”Low-energy-threshold analysis of the Phase I
and Phase II data sets of the Sudbury Neu-
trino Observatory”, Phys. Rev. C, Vol. 81,
055504, 2010.

B. Aharmim et al. (SNO Collaboration),
"Measurement of the e and total ®B solar neu-
trino fluxes with the Sudbury Neutrino Obser-
vatory phase-III data set, Phys. Rev. C, Vol.
87, 015502, 2013.

K. Abe et al. (Super-Kamiokande Collabo-
ration), 7 Solar neutrino results in Super-
Kamiokande-IIT", Phys. Rev. D, Vol. 83,
052010, 2011.

G. Bellini et al., (Borexino Collaboration),
” Absence of a day-night asymmetry in the "Be
solar neutrino rate in Borexino”, Phys. Lett.
B, Vol. 707, 22-26, 2012.

K. Eguchi et al. (KamLAND Collaboration),
"First Results from KamLAND: Evidence for
Reactor Anti-Neutrino Disappearance”, Phys.
Rev. Lett., Vol. 90, 021802, 2003.

E. Aliu et al. (K2K Collaboration), ”Evi-
dence for muon neutrino oscillation in an



78]

[79]

[80]

[81]

[82]

[83]

accelerator-based experiment”, Phys. Rev.
Lett., Vol. 94, 081802, 2005; S. Yamamoto et
al. (K2K Collaboration), ” An improved search
for v, — v, oscillation in a long-baseline ac-
celerator experiment”, Phys. Rev. Lett., Vol.
96, 181801, 2006.

G. DeLellis for OPERA Collaboration, talk at
LNGS, 16/5/2013.

P. Adamson et al. (MINOS Collaboration),
"First Direct Observation of Muon Antineu-
trino Disappearance”, Phys. Rev. Lett., Vol.
107, 021801, 2011; P. Adamson et al. (MINOS
Collaboration), ”Improved Search for Muon-
Neutrino to Electron-Neutrino Oscillations in
MINOS”, Phys. Rev. Lett., Vol. 107, 181802,
2011.

G. Bellini, A. Tanni, and G. Ranucci, ” Borex-
ino and solar neutrinos”, Rivista del Nuovo
Cimento, Vol. 035, 481-537, 2012.

G. Bellini et al. (Borexino Collaboration),
”Precision Measurement of the "Be Solar Neu-
trino Interaction Rate in Borexino”, Phys.
Rev. Lett., Vol. 107, 141302, 2011.

G. Bellini et al. (Borexino Collaboration),
"First Evidence of pep Solar Neutrinos by Di-
rect Detection in Borexino”, Phys. Rev. Lett.,
Vol. 108, 051302, 2012.

G. Bellini et al. (Borexino Collaboration),
"Measurement of the solar ®B neutrino rate
with a liquid scintillator target and 3 MeV
energy threshold in the Borexino detector’,
Phys. Rev. D, Vol. 82, 033006, 2010.

Y. Minakata and C. Pena-Garay, ”Solar Neu-
trino Observables Sensitive to Matter Effects”,
Adv. High En. Phys., Vol. 2012, Article 1D
349686, 2012.

P. C. de Holanda and A. Yu. Smirnov, " Home-
stake result, sterile neutrinos, and low energy
solar neutrino experiments”, Phys. Rev. D,
Vol. 69, 113002, 2004.

B. Armbruster et al. (KARMEN Collabora-
tion), ”Upper limits for neutrino oscillations
v, — U, from muon decay at rest”, Phys. Rev.
D, Vol. 65, 112001, 2002.

F. P. An et al. (Daya Bay Collaboration), " Im-
proved measurement of electron antineutrino

37

disappearance at Daya Bay”, Chinese Physics.
C, Vol. 37, 011001, 2013.

[84] G. L. Fogli et. al, ”"Evidence of #13 > 0 from
global neutrino data analysis”, Phys. Rev. D,
Vol, 84, 053007, 2011.

[85] M.C. Gonzalez-Garcia et al., ”Global fit to
three neutrino mixing: critical look at present
precision”, JHEP, Vol. 12, 123, 2012.

[86] G. L. Fogli et al., ”Global analysis of neutrino
masses, mixings and phases: entering the era

of leptonic CP violation searches”, Phys. Rev.
D, Vol. 86, 013012, 2012.

[87] R. Wendell et al. (Super-Kamiokande Col-
laboration), ” Atmospheric neutrino oscillation
analysis with sub-leading effects in Super-
Kamiokande I, II, and ITI”, Phys. Rev. D, Vol.
81, 092004, 2010.

[88] P. Adamson et al. (MINOS Collaboration),
Improved measurement of muon antineutrino
disappearance in MINOS, Phys. Rev. D., Vol.
108, 191801, 2012.

[89] K. Abe et al. (T2K Collaboration), ”First
muon-neutrino disappearance study with an
off-axis beam”, Phys. Rev. D, Vol. 85, 031103,
2012.

[90] M. Apollonio et al. (CHOOZ Collaboration),
”Limits on neutrino oscillations from the
CHOOQOZ experiment”, Phys. Lett. B, Vol. 466,
415-430, 1999.

[91] A. Piepke et al. (Palo Verde Collaboration),
”Final results from the Palo Verde neutrino
oscillation experiment”, Progr. Part. Nucl.
Phys., Vol. 48, 113121, 2002.

[92] Y. Abe et al. (Double Chooz Collaboration),
"Reactor electron antineutrino disappearance
in the Double Chooz experiment”, Phys. Rev.
D, Vol. 86, 052008, 2012.

[93] D. Dwyer for Daya Bay Collaboration. Talk
given at the XXV International Conference
on Neutrino Physics, Kyoto, Japan, June 3-
9, 2012.

[94] A. Gando et al. (KamLAND Collaboration),
”Constraint on #;3 from a three-flavor oscilla-

tion analysis of reactor antineutrinos at Kam-
LAND”, Phys. Rev. D, Vol. 83, 052002, 2011.

[95] J. Hosaka et al. (Super-Kamiokande Collab-
oration), ”Solar neutrino measurements in



Super-Kamiokande-I”, Phys. Rev. D, Vol. 73,
112001, 2006.

D. Perevalov for NOrvA Collaboration, talk at
WIN 2013 conference, Natal, Brasil, 2013.

M. Shiozawa for Hyper-Kamiokande Collab-
oration, ”"The Hyper-Kamiokande project”,
Nucl. Phys. B - Proc. Suppl., Vol. 237238,
289294, 2013.

C. Adams et al. (LBNE Collaboration), ”Op-
portunities with the Long-Baseline Neutrino
Experiment” | arXiv:1307.7335, 2013.

C. Aberle et al. (DAESALUS Collaboration),
”"Whitepaper on the DAEdJALUS Program”,
arXiv:1307.2949, 2013.

[100] D. Angus et al. (LAGUNA Collaboration),
"The LAGUNA design study - towards giant
liquid based underground detectors for neu-

trino physics and astrophysics and proton de-
cay searches”, arXiv:1001.0077, 2009.

[101] M. Ghosh et al., ” Synergies between neutrino
oscillation experiments: An ‘adequate’ config-
uration for LBNO”, larXiv:1308.5979, 2013.

[102] Y.F. Lietal. (JUNO Collaboration), ” Unam-
biguous Determination of the Neutrino Mass
Hierarchy Using Reactor Neutrinos”, Phys.
Rev. D, Vol. 88, 013008, 2013.

[103] M. G. Aartsen et al. (IceCube, PINGU col-
laboration), "PINGU Sensitivity to the Neu-
trino Mass Hierarchy”, larXiv:1306.5846, 2013.

[104] P. Coyle et al. (The Km3Net collabora-
tion), contribution to the European Strat-
egy Preparatory Group Symposium, Septem-
ber 2012, Krakow, Poland.

[105] C. Giunti and M. Laveder, ”Statistical sig-
nificance of the gallium anomaly”, Phys. Rev.
C, Vol. 83, 065504, 2011.

[106] K. N. Abazajian et al., ”Light Sterile Neutri-
nos: A White Paper”, arXiv:1204.5379, 2012.

[107] G. Bellini et al. (Borexino Collaboration),
"SOX: Short distance neutrino Oscillations
with BoreXino”, JHEP, Vol. 2013, Article ID
38, 2013.

[108] H. Chen et al., ” A proposal for a new exper-
iment using the Booster and NuMI neutrino
beamlines: MicrooBooNE”. Fermilab.

[96]

[97]

98]

[99]

38

[109] Icarus-Nessie Collaboration, ”Search for
anomalies in the neutrino sector with muon
spectrometers and large LArTPC imaging de-
tectors at CERN” | European Strategy for Par-
ticle Physics, Krakow, 2012.


http://arxiv.org/abs/1307.7335
http://arxiv.org/abs/1307.2949
http://arxiv.org/abs/1001.0077
http://arxiv.org/abs/1308.5979
http://arxiv.org/abs/1306.5846
http://arxiv.org/abs/1204.5379

	1 Introduction
	2 Neutrino Oscillations
	2.1 Neutrino evolution equation
	2.2 Oscillations in vacuum and in matter

	3 Neutrino Detectors
	3.1 Radiochemical detectors
	3.2 Cerenkov detectors
	3.2.1 SNO
	3.2.2 Super-Kamiokande

	3.3 Scintillation detectors
	3.3.1 Borexino
	3.3.2 Other scintillation experiments

	3.4 Further techniques

	4 Experimental results
	4.1 Neutrino sources
	4.2 The neutrino oscillation study
	4.2.1 Evidences of the neutrino oscillation phenomenon
	4.2.2 Checks and refinements of the solar and atmospheric neutrino measurements
	4.2.3 Low-energy solar neutrinos and the oscillation in vacuum
	4.2.4 A third m2 range around 1eV2?
	4.2.5 The mixing angle 13
	4.2.6 A global analysis


	5 Open problems and future projects

