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The experiments with solar, atmospheric, reactor and accelerator neutrinos have
provided compelling evidences for oscillations of neutrinos caused by nonzero neutrino
masses and neutrino mixing. The data imply the existence of 3-neutrino mixing in
vacuum. We review the theory of neutrino oscillations, the phenomenology of neutrino
mixing, the problem of the nature - Dirac or Majorana, of massive neutrinos, the issue
of CP violation in the lepton sector, and the current data on the neutrino masses and
mixing parameters. The open questions and the main goals of future research in the field
of neutrino mixing and oscillations are outlined.

14.1. Introduction: Massive neutrinos and neutrino mixing

It is a well-established experimental fact that the neutrinos and antineutrinos which
take part in the standard charged current (CC) and neutral current (NC) weak interaction
are of three varieties (types) or flavours: electron, ve and e, muon, v, and 7, and tauon,
v and Ur. The notion of neutrino type or flavour is dynamical: v, is the neutrino which
is produced with e™, or produces an e, in CC weak interaction processes; vy, is the
neutrino which is produced with x4, or produces p~, etc. The flavour of a given neutrino
is Lorentz invariant. Among the three different flavour neutrinos and antineutrinos, no
two are identical. Correspondingly, the states which describe different flavour neutrinos
must be orthogonal (within the precision of the current data): (vy|v;) = 6;q, (Dy|7y) = §py,
<I7l/ ly) = 0.

It is also well-known from the existing data (all neutrino experiments were done so far
with relativistic neutrinos or antineutrinos), that the flavour neutrinos v; (antineutrinos
7)), are always produced in weak interaction processes in a state that is predominantly
left-handed (LH) (right-handed (RH)). To account for this fact, v; and 7; are described
in the Standard Model (SM) by a chiral LH flavour neutrino field v, (z), I = e, u, 7. For
massless v}, the state of v; (7;) which the field v (x) annihilates (creates) is with helicity
(-1/2) (helicity +1/2). If 1; has a non-zero mass m(y;), the state of v; (7;) is a linear
superposition of the helicity (-1/2) and (41/2) states, but the helicity +1/2 state (helicity
(-1/2) state) enters into the superposition with a coefficient o« m(v;)/E, E being the
neutrino energy, and thus is strongly suppressed. Together with the LH charged lepton
field i1, (x), v;r(z) forms an SU(2);, doublet. In the absence of neutrino mixing and zero
neutrino masses, vy, (z) and I, (z) can be assigned one unit of the additive lepton charge
L; and the three charges L;, | = e, u, T, are conserved by the weak interaction.

At present there is no compelling evidence for the existence of states of relativistic
neutrinos (antineutrinos), which are predominantly right-handed, v (left-handed, vy,).
If RH neutrinos and LH antineutrinos exist, their interaction with matter should be much
weaker than the weak interaction of the flavour LH neutrinos v; and RH antineutrinos
vy, i.e., v (vr) should be “sterile” or “inert” neutrinos (antineutrinos) [1]. In the
formalism of the Standard Model, the sterile vg and v7, can be described by SU(2)r,
singlet RH neutrino fields vg(x). In this case, vg and vy, will have no gauge interactions,
i.e., will not couple to the weak W= and Z0 bosons. If present in an extension of
the Standard Model, the RH neutrinos can play a crucial role i) in the generation of
neutrino masses and mixing, ii) in understanding the remarkable disparity between the
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magnitudes of neutrino masses and the masses of the charged leptons and quarks, and iii)
in the generation of the observed matter-antimatter asymmetry of the Universe (via the
leptogenesis mechanism [2]) . In this scenario which is based on the see-saw theory [3],

there is a link between the generation of neutrino masses and the generation of the baryon
asymmetry of the Universe. The simplest hypothesis (based on symmetry considerations)
is that to each LH flavour neutrino field vy, (x) there corresponds a RH neutrino field

vir(z), I = e, u, 7, although schemes with less (more) than three RH neutrinos are also
being considered.

There have been remarkable discoveries in the field of neutrino physics in the last 20
years. The experiments with solar, atmospheric, reactor and accelerator neutrinos have
provided compelling evidences for the existence of neutrino oscillations [4,5], transitions
in flight between the different flavour neutrinos ve, vy, v, (antineutrinos ve, vy, vr),
caused by nonzero neutrino masses and neutrino mixing. The existence of flavour neutrino
oscillations implies that if a neutrino of a given flavour, say v, with energy F is produced
in some weak interaction process, at a sufficiently large distance L from the v, source the
probability to find a neutrino of a different flavour, say v,, P(v, — vr; E, L), is different
from zero. P(v, — vr; E, L) is called the v, — v oscillation or transition probability.
If P(vy, — vr; E,L) # 0, the probability that v, will not change into a neutrino of a
different flavour, i.e., the “v, survival probability” P(v, — vy; E, L), will be smaller than
one. If only muon neutrinos v, are detected in a given experiment and they take part in
oscillations, one would observe a “disappearance” of muon neutrinos on the way from the
vy, source to the detector. Disappearance of the solar ve, reactor e and of atmospheric v,
and 7, due to the oscillations have been observed respectively, in the solar neutrino [6-14],
KamLAND [15,16] and Super-Kamiokande [17,18] experiments. Strong evidences for v,
disappearance due to oscillations were obtained also in the long-baseline accelerator
neutrino experiments K2K [19]. Subsequently, the MINOS [20,21] and T2K [22,23]
long baseline experiments reported compelling evidence for v, disappearance due to
oscillations, while evidences for v, appearance due to v, — v oscillations were published
by the Super-Kamiokande [24] and OPERA [25] collaborations. As a consequence of the
results of the experiments quoted above the existence of oscillations or transitions of the
solar ve, atmospheric v, and 7, accelerator v, (at L ~ 250 km, L ~ 295 km and L ~ 730
km) and reactor v, (at L ~ 180 km), driven by nonzero neutrino masses and neutrino
mixing, was firmly established. There are strong indications that the solar v, transitions
are affected by the solar matter [26,27].

The experimental discovery of oscillations of atmospheric muon neutrinos and
antineutrinos and of the flavor conversion of solar (electron) neutrinos led to the 2015
Nobel Prize for Physics awarded to Takaaki Kajita [28]( from the SuperKamiokande
Collaboration) and Arthur McDonald [29]( from the SNO Collaboration).

Further important developments took place in the period starting from June 2011.
First, the T2K Collaboration reported [30] indications for v, — v oscillations, i.e.,
of “appearance” of ve in a beam of v, which had a statistical significance of 2.50.
The MINOS [31] Collaboration also obtained data consistent with v, — v, oscillations.
Subsequently, the Double Chooz Collaboration reported [32] indications for disappearance
of reactor v at L ~ 1.1 km. Strong evidences for reactor v, disappearance at L ~ 1.65
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km and L ~ 1.38 km and (with statistical significance of 5.20 and 4.90) were obtained
respectively in the Daya Bay [33] and RENO [34] experiments. Further evidences
for reactor 7. disappearance (at 2.90) and for v, — v. oscillations (at 3.10) were
reported by the Double Chooz [35] and T2K [36] experiments, while the Daya Bay
and RENO Collaborations presented updated, more precise results on reactor v,
disappearance [37,38,39]. More recently the NOvA experiment reported results on
vy — Ve oscillations [40,42], while T2K presented data on 7, — 7, oscillation [43]( for
the latest results of the Daya Bay [44], RENO [45], Double Chooz [46], MINOS [47],
T2K [48] and NOvA experiments, see Section 14.12).

Oscillations of neutrinos are a consequence of the presence of flavour neutrino mixing,
or lepton mixing, in vacuum. In the formalism of local quantum field theory, used to
construct the Standard Model, this means that the LH flavour neutrino fields vy (),
which enter into the expression for the lepton current in the CC weak interaction
Lagrangian, are linear combinations of the fields of three (or more) neutrinos v;, having
masses m; # 0:

I/lL(I‘) :ZUZJ I/jL(l‘), l=e,p,T, (141)
J

where v;,(x) is the LH component of the field of v; possessing a mass m; and U is a
unitary matrix - the neutrino mixing matrix [1,4,5]. The matrix U is often called the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) or Maki-Nakagawa-Sakata (MNS) mixing
matrix. Obviously, Eq. (14.1) implies that the individual lepton charges L;, | = e, pu, T,
are not conserved.

All compelling neutrino oscillation data can be described assuming 3-flavour neutrino
mixing in vacuum. The data on the invisible decay width of the Z-boson is compatible
with only 3 light flavour neutrinos coupled to Z [49]. The number of massive neutrinos
vj, m, can, in general, be bigger than 3, n > 3, if, for instance, there exist sterile neutrinos
and they mix with the flavour neutrinos. It is firmly established on the basis of the
current data that at least 3 of the neutrinos v;, say v1, vo, v3, must be light, m1 2351
eV (Section 14.12), and must have different masses, m; # mo # ms. At present there
are several experimental hints for existence of one or two light sterile neutrinos at the eV
scale, which mix with the flavour neutrinos, implying the presence in the neutrino mixing
of additional one or two neutrinos, v4 or v4 5, with masses my (mgy5) ~ 1 eV. These
hints will be briefly discussed in Section 14.14 of the present review.

Being electrically neutral, the neutrinos with definite mass v; can be Dirac fermions
or Majorana particles [50,51]. The first possibility is realized when there exists a lepton
charge carried by the neutrinos v;, which is conserved by the particle interactions. This
could be, e.g., the total lepton charge L = Le + Ly + Lyt L(vj) =1, j = 1,2,3. In this
case the neutrino v; has a distinctive antiparticle v;: v; differs from v; by the value of
the lepton charge L it carries, L(7j) = —1. The massive neutrinos v; can be Majorana
particles if no lepton charge is conserved (see, e.g., Refs. [52,53]) . A massive Majorana
particle x; is identical with its antiparticle x;: x; = X;j. On the basis of the existing
neutrino data it is impossible to determine whether the massive neutrinos are Dirac or
Majorana fermions.
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In the case of n neutrino flavours and n massive neutrinos, the n x n unitary neutrino
mixing matrix U can be parametrized by n(n — 1)/2 Euler angles and n(n + 1)/2 phases.
If the massive neutrinos v; are Dirac particles, only (n —1)(n — 2)/2 phases are physical
and can be responsible for CP violation in the lepton sector. In this respect the neutrino
(lepton) mixing with Dirac massive neutrinos is similar to the quark mixing.

For n = 3 there is just one CP violating phase in U, which is usually called “the Dirac
CP violating phase.” CP invariance holds if (in a certain standard convention) U is real,
U*="U.

If, however, the massive neutrinos are Majorana fermions, v; = x;, the neutrino
mixing matrix U contains n(n — 1)/2 CP violation phases [54,55], i.e., by (n — 1) phases
more than in the Dirac neutrino case: in contrast to Dirac fields, the massive Majorana
neutrino fields cannot “absorb” phases. In this case U can be cast in the form [54]

U=VP (14.2)

where the matrix V' contains the (n — 1)(n — 2)/2 Dirac CP violation phases, while P is
a diagonal matrix with the additional (n — 1) Majorana CP violation phases a21, a3q,...,
anl,

, a9 03] ]
P:dzag(l,eZ 27 € t72 >

e 2 e (14.3)
The Majorana phases will conserve CP if [56] a1 = 7q;, ¢j = 0,1,2, j = 2,3,...,n. In
this case expli(a;1 — ag1)] = £1 has a simple physical interpretation: this is the relative
CP-parity of Majorana neutrinos x; and xj. The condition of CP invariance of the
leptonic CC weak interaction in the case of mixing and massive Majorana neutrinos
reads [52]:
1
Ui =Ugpj. pj=-ncp(x;) ==L, (14.4)

where ncp(x;) = ipj = %i is the CP parity of the Majorana neutrino y; [56]. Thus,
if CP invariance holds, all elements of any given column of U are either real or purely
imaginary.

In the case of n = 3 there are altogether 3 CP violation phases - one Dirac and
two Majorana. Even in the mixing involving only 2 massive Majorana neutrinos there
is one physical CP violation Majorana phase. In contrast, the CC weak interaction is
automatically CP-invariant in the case of mixing of two massive Dirac neutrinos or of two
quarks.
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14.2. The three neutrino mixing

All existing compelling data on neutrino oscillations can be described assuming
3-flavour neutrino mixing in vacuum. This is the minimal neutrino mixing scheme
which can account for the currently available data on the oscillations of the solar (ve),
atmospheric (v, and 7,), reactor (7e) and accelerator (v, and 7,) neutrinos. The
(left-handed) fields of the flavour neutrinos ve, v, and v, in the expression for the weak
charged lepton current in the CC weak interaction Lagrangian, are linear combinations of
the LH components of the fields of three massive neutrinos v;:

Loo== 5 3 @) rann(@) W) +he.,

l=e,p,m

3
vL(z) =Y Uy vjn(x), (14.5)
j=1

where U is the 3 x 3 unitary neutrino mixing matrix [4,5]. As we have discussed in the
preceding Section, the mixing matrix U can be parameterized by 3 angles, and, depending
on whether the massive neutrinos v; are Dirac or Majorana particles, by 1 or 3 CP
violation phases [54,55]:

12€13 5 51213 5 s1ge”
U= | —s12c23 — 61282351:),62_(s €12€23 — 8125235136’_5 523€13
512823 — C12023513€"°  —C12523 — S12C23513€"°  €23C13

x diag(1, e'™27, e'727) . (14.6)

where c;; = cos0;;, s;; = sinf;;, the angles 6;; = [0,7/2), § = [0,27] is the Dirac CP

violation phase and g1, a1 are two Majorana CP violation (CPV) phases. Thus, in the
case of massive Dirac neutrinos, the neutrino mixing matrix U is similar, in what concerns
the number of mixing angles and CPV phases, to the CKM quark mixing matrix. The
presence of two additional physical CPV phases in U if v; are Majorana particles is a

consequence of the special properties of the latter (see, e.g., Refs. [52,54]) .

As we see, the fundamental parameters characterizing the 3-neutrino mixing are: i)
the 3 angles 612, 023, 613, ii) depending on the nature of massive neutrinos v; - 1 Dirac
(6), or 1 Dirac + 2 Majorana (6, aa1, a31), CPV phases, and iii) the 3 neutrino masses,
m1, mg, m3. Thus, depending on whether the massive neutrinos are Dirac or Majorana
particles, this makes 7 or 9 additional parameters in the minimally extended Standard
Model of particle interactions with massive neutrinos.

The angles 012, #23 and #13 can be defined via the elements of the neutrino mixing
matrix:

2 2
2 _ 9 |Uei| 2 _ .2 |Ueo|
cfo =cos“ 19 = ———— $7o =sin“ 019 = ————— 14.7
12 2= e == (14)
. . U]
5%3 = SlIl2 913 = |U63|2, S%g = SlIl2 923 = ]_—'|[L7US|27
[
U 2
033 = cos? fy3 = s (14.8)

1- |U63|2.
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The neutrino oscillation probabilities depend (Section 14.7), in general, on the neutrino
energy, F, the source-detector distance L, on the elements of U and, for relativistic
neutrinos used in all neutrino experiments performed so far, on Amzj = (mz2 - m?),

i # j. In the case of 3-neutrino mixing there are only two independent neutrino mass
squared differences, say Am%l # 0 and Am?ﬂ # 0. The numbering of massive neutrinos
vj is arbitrary. It proves convenient from the point of view of relating the mixing angles
012, 623 and 613 to observables, to identify |Am%1| with the smaller of the two neutrino
mass squared differences, which, as it follows from the data, is responsible for the solar
ve and, the observed by KamLAND, reactor 7, oscillations. We will number (just for
convenience) the massive neutrinos in such a way that m; < ma, so that Am%l > (0. With
these choices made, there are two possibilities: either m; < mo < mg, or mg < m; < mao.
Then the larger neutrino mass square difference |Am2; | or |[Am3,|, can be associated with
the experimentally observed oscillations of the atmospherlc and accelerator v, and v, as
well as of the reactor 7, at L ~ 1 k. The effects of Am31 or Am32 in the oscillations of
solar v, and of Am21 in the oscillations of atmospheric and accelerator v, and 7, or of
the reactor v, at L ~ 1 km, are relatively small and subdominant as a consequence of the
facts that i) L, F and L/F in the experiments with solar v, and with atmospheric and
accelerator v, and 7, or with reactor 7, and baseline L ~ 1 km, are very different, ii)
the conditions of production and propagation (on the way to the detector) of the solar v,
and of the atmospherlc or accelerator V and 7, and of the reactor 7, are very different,
and iii) Am3; and |[AmZ;| (|Am3,|) in the case of m1 < mg < ms (mg < mp < ma),
as it follows from the data, differ by approximately a factor of 30, Am21 < |Am31 (32)|

Ale/\Amgl(?)z)\ 2~ (0.03. This implies that in both cases of m; < mg < ms3 and
m3 < my < mg we have Am3, = Am3; with |Am3; — Am3,| = Am3; < |Am§1732|.
Obviously, in the case of m; < mg < m3 (m3 < m; < mg) we have Am§1(32) > 0
(Am31(32) < 0).

It followed from the results of the Chooz experiment [57| with reactor 7, and from
the more recent data of the Daya Bay, RENO, Double Chooz and T2K experiments
(which will be discussed in Section14.12), that, in the convention we use, in which
0 < Am3; < |Am§1(32)|, the element |Ug3|=sinfi3 of the neutrino mixing matrix U

is relatively small. This makes it possible to identify the angles 619 and 623 as the
neutrino mixing angles associated with the solar v, and the dominant atmospheric v,
(and 7,) oscillations, respectively. The angles 12 and 63 are sometimes called “solar”
and “atmospheric” neutrino mixing angles, and are sometimes denoted as #12 = 0 and
023 = Op (or Oatm), while Ale and Am31 are often referred to as the “solar” and
“atmospheric” neutrino mass squared differences and are often denoted as Am21 Am%,

Am3; = Amj (or Amy,).

The solar neutrino data tell us that Ale cos 2012 > 0. In the convention employed by
us we have Ale > 0. Correspondingly, in this convention one must have cos 2612 > 0.

The enormous amount of neutrino oscillation data accumulated over many years of
research allow us to determine the parameters which are responsible for the solar v,
oscillations (flavour conversion), Am%l and sin? f1o, for the dominant oscillations of the
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atmospheric v, and 7, |Am3;| (|Am3,|) and sin? 63, and the angle 613 responsible
for the v, — ve and 7, — Ve (vy — ve) oscillations observed in the T2K (NOvA)
experiment as well as for the reactor v, oscillations observed in the Daya Bay, RENO
and Double Chooz experiments. In the two most recent global analyses of the neutrino
oscillation data [58,59] the indicated 3-neutrino oscillation parameters Am%l, 012, |Am§1|
(|Am§2|), A3 and 613 have been determined with an impressively high precision. The
new data included in these analyses were, in particular, the latest T2K v, — v
oscillation data [43] and the latest NOvA data on v, disappearance [60] and v, — ve
oscillations [42], reported first at the XXVII International Conference on Neutrino
Physics and Astrophysics, held in London at the beginning of July 2016, and published
at the beginning of 2017. The authors of the two independent analyses [58,59] report
practically the same (within 1) results on Am%l, sin? 019, |Am§1|, sin? 013, sin? fa3 and
0. We present in Table 14.1 the best fit values and the 99.73% confidence level (CL)
allowed ranges of the neutrino oscillation parameters, as well as the 95% CL allowed
range of the CP violation phases ¢, found in Ref. 58.

In both analyses [58,59] the authors find, in particular, that sin? 093 = 0.5 lies outside
the 20 range allowed by the current data. This results is mainly driven by the NOvA
data [60] on sin®6fo3. Both groups also find that the best fit value of the Dirac CPV
phases ¢ is close to 37/2: in [58], for example, the values found are § = 1.387 (1.317) for
Am%l(?)z) >0 (Am§1(32) < 0). The absolute x? minimum takes place for Am§1(32) > 0,

the local minimum in the case of Am§1(32) < 0 being approximately by 0.7¢ higher.

According to Ref. 58, the CP conserving values § = 0 or 27w are disfavored at 2.4o0

(3.20) for Am§1(32) >0 (Am§1(32) < 0); the CP conserving value 6 = 7 in the case

of Am§1(32) >0 (Am%l(?)z) < 0) is statistically approximately 2.00 (2.50) away from
the best fit value § = 1.387 (1.317). In what concerns the CP violating value § = /2,
it is strongly disfavored at 3.40 (3.90) for Am§1(32) >0 (Am§1(32) < 0). The quoted

confidence levels for § = 0,7 and 7/2 are all with respect to the absolute x? minimum.
At 30, §/7 is found to lie in the case of Am§1(32) >0 (Am§1(32) < 0) in the following
intervals [58]: (0.00 — 0.17(0.16)) & (0.76(0.69) — 2.00)). Similar results are obtained
in [59].

It follows from the results given in Table 14.1 that the value of f23 can deviate by
about 0.1 from w/4, w/4 belonging to the 3o allowed region, 019 = 7/5.4 and that
013 = w/20. Correspondingly, the pattern of neutrino mixing is drastically different from
the pattern of quark mixing.

Note also that Am%l, sin? 019, |Am§1(32)|, sin? 3 and sin? A3 are determined from

the data with a 1o uncertainty (= 1/6 of the 30 range) of approximately 2.3%, 5.8%,
1.6%, 9.6% and 4.0%, respectively.

Further, the existing SK atmospheric neutrino, K2K, MINOS, T2K and NOvA
data do not allow to determine the sign of Am§1(32)' Maximal solar neutrino mixing,

i.e., 012 = m/4, is ruled out at more than 60 by the data. Correspondingly, one has
cos 2615 > 0.29 (at 99.73% CL).

Apart from the hint that the Dirac phase § = 37/2, no other experimental information
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Table 14.1: The best-fit values and 3o allowed ranges of the 3-neutrino oscillation
parameters, derived from a global fit of the current neutrino oscillation data
(from [58]) . For the Dirac phase 6 we give the best fit value and the 2o
allowed range. The values (values in brackets) correspond to mj; < mg < mgs
(m3 < m1 < mg). The definition of Am?, which is determined in the global analysis
in [58] is: Am? = m3 — (m3 + m?)/2. Thus, Am? = Am3, — Am3,/2 > 0, if
my < ma < ms, and Am?2 = Am§2 + Am%l/Q < 0 for mg < m1; < ma. We give the
values of Am?ﬂ > 0 for m1 < mg < mg, and of Am%3 for m3z < m1 < mg, obtained
from those for Am? quoted in [58].

Parameter best-fit 30
Am3; [107° eV ] 7.37 6.93 — 7.96
Amgl(%) [1073 eV 2] 2.56 (2.54) 2.45 — 2.69 (2.42 — 2.66)
sin? 619 0.297 0.250 — 0.354
sin’ 03, Am3) 50 >0 0.425 0.381 — 0.615
sin’ o3, Amiy 5y <0 0.589 0.384 — 0.636
sin? 013, Amgl(gz) >0 0.0215 0.0190 — 0.0240
sin 013, Amiy 5y <0 0.0216 0.0190 — 0.0242
§/m 1.38 (1.31) 20: (1.0 - 1.9)

(20: (0.92-1.88))

on the Dirac and Majorana CPV phases in the neutrino mixing matrix is available at
present. Thus, the status of CP symmetry in the lepton sector is essentially unknown.
With 613 = 0.15 # 0, the Dirac phase § can generate CP violating effects in neutrino
oscillations [54,61,62], i.e., a difference between the probabilities of the v; — vy and
v — by oscillations, | # " = e, pu, 7. The magnitude of CP violation in v; — vy and
v; — vy oscillations, | # 1" = e, u, 7, is determined by [63] the rephasing invariant Jop,
associated with the Dirac CPV phase in U:

Jop = Im (ng Uy Ues U;Q) . (14.9)
It is analogous to the rephasing invariant associated with the Dirac CPV phase in the

CKM quark mixing matrix [64]. In the “standard” parametrization of the neutrino
mixing matrix (Eq. (14.6)), Jcop has the form:

1
Jop =Im (U3 Ugz U2 Ujpp) = g cos 013 sin 26015 sin 2093 sin 2013 sin 4. (14.10)

Thus, given the fact that sin2619, sin2623 and sin26i3 have been determined
experimentally with a relatively good precision, the size of CP violation effects in
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neutrino oscillations depends essentially only on the magnitude of the currently not well
determined value of the Dirac phase . The current data implies 0.026(0.027)|sind| <
|Jop| < 0.035]sin |, where we have used the 3¢ ranges of sin?f19, sin? 3 and sin® 613
given in Table 14.1. For the current best fit values of sin? 69, sin®6y3, sin? 63 and
0 we find in the case of Amgl(z) > 0 (Am§1(2) < 0): Jop = 0.032sind = — 0.030
(Jop =2 0.032s8ind = — 0.027). Thus, if the indication that 6 has a value close to 3mw/2
is confirmed by future more precise data, i) the Jop— factor in the lepton sector would
be approximately by 3 orders of magnitude larger in absolute value than corresponding
Jop— factor in the quark sector, and ii) the CP violation effects in neutrino oscillations
would be relatively large.

If the neutrinos with definite masses v;, ¢ = 1,2,3, are Majorana particles, the
3-neutrino mixing matrix contains two additional Majorana CPV phases [54]. However,
the flavour neutrino oscillation probabilities P(v; — vy) and P(y; — vyp), 1,I' = e, u, T,
do not depend on the Majorana phases [54,65]. The Majorana phases can play
important role, e.g., in |[AL| = 2 processes like neutrinoless double beta ((53)g,-) decay
(A, Z) — (A, Z+2)+e +e, L being the total lepton charge, in which the Majorana
nature of massive neutrinos v; manifests itself (see, e.g., Refs. [52,66]) . Our interest in
the CPV phases present in the neutrino mixing matrix is stimulated also by the intriguing
possibility that the Dirac phase and/or the Majorana phases in Upying can provide
the CP violation necessary for the generation of the observed baryon asymmetry of the
Universe [67,68].

As we have indicated, the existing data do not allow one to determine the sign of
Am%1 (32)° In the case of 3-neutrino mixing, the two possible signs of Am%l (32) correspond

to two types of neutrino mass spectrum. In the widely used conventions of numbering the
neutrinos with definite mass in the two cases employed by us, the two spectra read:

— i) spectrum with normal ordering (NO):

m1 < mo < ms, Am?ﬂ = Am2A > 0,

Amdy = Am2 > 0, mogg) = (mf + Amd;5)))2 (14.11)
— 11) spectrum with inverted ordering (10):
m3 < m1 < ma, Am%z = Am% <0, Am%l = Am% > 0,
mo = (m3 + Am%3)%, my = (m3 + Am3s — Am%l)%. (14.12)

Depending on the values of the lightest neutrino mass [69], min(m;), the neutrino mass
spectrum can be:

— Normal Hierarchical (NH):

1
mip <€ mo < ms, mo = (Am%l)f =~ 0.0086 eV,

1
m3 & |Am3;|2 = 0.0506 eV; or (14.13)
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— Inverted Hierarchical (IH):

1
m3 < my < mg, my = (|Am3y| — Am3;)2 2 0.0497 eV,

1

mo = |Am35|2 = 0.0504 eV; or (14.14)
— Quasi-Degenerate (QD):

m1 = mg = mg Zmg, m3 > |Am§1(32)|, mg >0.10 eV. (14.15)

Sometimes the determination of the neutrino mass spectrum is referred to in the literature
on the subject as determination of “neutrino mass hierarchy”. However, as we have
seen, the neutrino mass spectrum might not be hierarchical. Therefore, determination
of “neutrino mass ordering” is a more precise expression and we are going to use this
expression in the present review article.

Eq. (14.11) and Eq. (14.12) suggest that, for consistency, the data on the larger
neutrino mass squared difference, obtained in 3-neutrino oscillation analyses, should be
presented i) either on the value of Am§2 in the case of NO spectrum and on Am%l for
IO spectrum, or ii) on the value of Am?ﬂ for the NO spectrum and on Am%Q for 10
spectrum. It would be preferable that all experimental groups which provide data on the
larger neutrino mass squared difference, choose one of the indicated two possibilities to
present their data - this will make straightforward the comparison of the results obtained
in different experiments.

All types of neutrino mass spectrum, discussed above, are compatible with the existing
constraints on the absolute scale of neutrino masses m;. Information about the latter
can be obtained, e.g., by measuring the spectrum of electrons near the end point in 3H
[-decay experiments [70-74] and from cosmological and astrophysical data. The most
stringent upper bounds on the 7, mass were obtained in the Troitzk [74,71] experiment:

mp, < 2.05 eV at 95% CL. (14.16)

Similar result was obtained in the Mainz experiment [72]: myp, < 2.3 eV at 95% CL. We
have mp, = m1 23 in the case of QD spectrum. The upcoming KATRIN experiment [73]
is planned to reach sensitivity of my, ~ 0.20 eV, i.e., it will probe the region of the QD
spectrum.

The Cosmic Microwave Background (CMB) data of the WMAP and PLANCK
experiments, combined with supernovae and other cosmological and astrophysical data
can be used to obtain an upper limit on the sum of neutrinos masses (see review on
”Neutrinos in Cosmology”, Section 25 [75], and, e.g., Ref. 76). Depending on the model
complexity and the input data used one typically obtains [76]: 3>, m; < (0.3 —1.3) eV,
95% CL.

In March of 2013 the Planck Collaboration published their first constraints on
>_;m;j [77].  These constraints were updated in 2016 in [78]. Assuming the existence of

three light massive neutrinos and the validity of the A CDM (Cold Dark Matter) model,
and
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using their data on the CMB temperature power spectrum anisotropies, polarization,
on gravitational lensing effects, the low [ CMB polarization spectrum data (the “low P”
data), etc. the Planck Collaboration reported the updated upper limit on the sum of
the neutrino masses [78], which, depending on the data-set used, varies in the interval:
>_jmj < (0.340 —0.715) eV, 95% CL. Adding data on the Baryon Acoustic Oscillations
(BAO) lowers the limit to [78]:

> mj < 0170 €V,  95% CL.
j

The quoted cosmological bound on the sum of neutrino masses might not be valid if,
e.g., the neutrino masses are generated dynamically at certain relatively late epoch in the
evolution of the Universe (see, e.g., Ref. [79]) .

It follows from these data that neutrino masses are much smaller than the masses of
charged leptons and quarks. If we take as an indicative upper limit m; <0.5 eV, we have
mj/mlyq < 1078, 1 =e,u, 7, ¢ =d, s,b,u,ct. Itis natural to suppose that the remarkable
smallness of neutrino masses is related to the existence of a new fundamental mass scale
in particle physics, and thus to new physics beyond that predicted by the Standard
Model.

14.3. Future progress

After the spectacular experimental progress made in the studies of neutrino oscillations,
further understanding of the pattern of neutrino masses and neutrino mixing, of their
origins and of the status of CP symmetry in the lepton sector requires an extensive and
challenging program of research. The main goals of such a research program include:

e Determining the nature - Dirac or Majorana, of massive neutrinos v;. This is of
fundamental importance for making progress in our understanding of the origin of
neutrino masses and mixing and of the symmetries governing the lepton sector of
particle interactions.

e Determination of the sign of Am%l (or Am§2), i.e., the “neutrino mass ordering”, or
of the type of spectrum neutrino masses obey.

e Determining, or obtaining significant constraints on, the absolute scale of neutrino
masses. This, in particular, would help obtain information about the detailed
structure (hierarchical, quasidegenerate, etc.) of the neutrino mass spectrum.

e Determining the status of CP symmetry in the lepton sector.
e High precision measurement of 613, Am%l, 012, \Am%l\ and fo3.

e Understanding at a fundamental level the mechanism giving rise to neutrino masses
and mixing and to L;—non-conservation. This includes understanding the origin of
the patterns of r-mixing and r-masses suggested by the data. Are the observed
patterns of v-mixing and of Am%l,:ﬂ related to the existence of a new fundamental
symmetry of particle interactions? Is there any relation between quark mixing and
neutrino mixing? What is the physical origin of CP violation phases in the neutrino
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mixing matrix U? Is there any relation (correlation) between the (values of) CP
violation phases and mixing angles in U? Progress in the theory of neutrino mixing
might also lead to a better understanding of the mechanism of generation of baryon
asymmetry of the Universe.

The high precision measurement of the value of sin? 263 from the Daya Bay experiment
and the subsequent results on #;3 obtained by the RENO, Double Chooz and T2K
collaborations (see Section 1.11), have far reaching implications. The measured relatively
large value of 613 opened up the possibilities, in particular,

i) for searching for CP violation effects in neutrino oscillation experiments with high
intensity accelerator neutrino beams, like T2K, NOvA, etc. (the sensitivities of T2K and
NOvA on CP violation in neutrino oscillations are discussed in, e.g., Refs. [80,81]) ; ii) for
determining the sign of Am%Q, and thus the type of neutrino mass spectrum (“neutrino
mass ordering”) in the long baseline neutrino oscillation experiments at accelerators
(NOvA, etc.), in the experiments studying the oscillations of atmospheric neutrinos
(PINGU [82], ORCA [83,84], Hyper-Kamiokande [200], INO [85]) , as well as in
experiments with reactor antineutrinos [86-91]( for reviews see, e.g., Ref. 92).

There are also long term plans extending beyond 2025 for searches for CP violation
and neutrino mass spectrum (ordering) determination in long baseline neutrino oscillation
experiments with accelerator neutrino beams (see, e.g., Refs. [93,94]) . The successful
realization of this research program would be a formidable task and would require many
years of extraordinary experimental efforts aided by intensive theoretical investigations
and remarkable investments.

Before reviewing in detail i) the different neutrino sources and the specific characteristics
of the corresponding neutrino fluxes, which have been and are being used in neutrino
oscillation experiments (Section 14.6), ii) the theory and phenomenology of neutrino
oscillations (Sections 14.7 and 14.8), and iii) the compelling experimental evidences of
neutrino oscillations and, more generally, the results obtained in the neutrino oscillation
experiments (Sections 14.9 — 14.14), we would like to discuss briefly the problem of
determination of the nature - Dirac or Majorana - of massive neutrinos as well as the
(type I) seesaw mechanism of neutrino mass generation.

14.4. The nature of massive neutrinos

The experiments studying flavour neutrino oscillations cannot provide information on
the nature - Dirac or Majorana, of massive neutrinos [54,65]. Establishing whether the
neutrinos with definite mass v; are Dirac fermions possessing distinct antiparticles, or
Majorana fermions, i.e., spin 1/2 particles that are identical with their antiparticles, is
of fundamental importance for understanding the origin of v-masses and mixing and
the underlying symmetries of particle interactions (see, e.g., Ref. 95). The neutrinos
with definite mass v; will be Dirac fermions if the particle interactions conserve some
additive lepton number, e.g., the total lepton charge L = Le + Ly, + Ly. If no lepton
charge is conserved, v; will be Majorana fermions (see, e.g., Refs. [52,53]) . The massive
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neutrinos are predicted to be of Majorana nature by the see-saw mechanism of neutrino
mass generation [3]. The observed patterns of neutrino mixing and of neutrino mass
squared differences can be related to Majorana massive neutrinos and the existence of an
approximate flavour symmetry in the lepton sector (see, e.g., Ref. 96). Determining the
nature of massive neutrinos v; is one of the fundamental and most challenging problems
in the future studies of neutrino mixing.

CUORE+CUORICINO
0.1
KamLAND-Zen
>
L
T0.0I
g
Vv
0.001
104 b R ol L L
0.0001 0.001 0.01 0.1 1
my,y [eV]

Figure 14.1: The effective Majorana mass |<m>| (including a 20 uncertainty),
as a function of min(m;). The figure is obtained using the best fit values and
the 1o ranges of allowed values of Am%l, sin? 019, sin2 63 and |Am§1(32)| from

Ref. 58 (see Table 14.1), propagated to |[<m>| and then taking a 20 uncertainty.
The phases ap; and (w31 — 20) are varied in the interval [0,27]. The predictions
for the NH, IH and QD spectra as well as the GERDA-II, KamLAND-Zen and the
combined CUORE+CUORICINO limits, Eq. (14.20) and Eq. (14.21), are indicated.
The black lines determine the ranges of values of |[<m>| for the different pairs of
CP conserving values of ag and (31 — 26): (0,0), (0,7), (7,0) and (m, 7). The red
regions correspond to at least one of the phases ag; and (a3; — 26) having a CP
violating value, while the blue and green areas correspond to ag; and (a3; — 29)
possessing CP conserving values. (Update by S. Pascoli of a figure from Ref. 112.)

The Majorana nature of massive neutrinos v; manifests itself in the existence of
processes in which the total lepton charge L changes by two units: KT — 7~ 4+ pu™ 4+ u™T,
=+ (A, Z) — put + (A, Z — 2), etc. Extensive studies have shown that the only
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feasible experiments having the potential of establishing that the massive neutrinos
are Majorana particles are at present the experiments searching for (/33)g,-decay:
(A, Z2) = (A, Z+2)+ e +e (see, e.g., [97-99]) . The observation of (83)g,-decay
and the measurement of the corresponding half-life with sufficient accuracy, would not
only be a proof that the total lepton charge is not conserved, but might also provide
unique information on the i) type of neutrino mass spectrum [102], ii) Majorana phases
in U [66,103] and iii) the absolute scale of neutrino masses (for details see [98-104] and
references quoted therein).

Under the assumptions of 3-v mixing, of massive neutrinos v; being Majorana particles,
and of (30)g,-decay generated only by the (V-A) charged current weak interaction via the
exchange of the three Majorana neutrinos v; having masses m; S few MeV, the (803)o,-
decay amplitude has the form (see, e.g., Refs. [52,99]) : A(88)o, = G2 <m> M(A,Z),
where G is the Fermi coupling constant, M (A, Z) is the correspondlng nuclear matrix
element (NME) which does not depend on the neutrino mixing parameters, and

|[<m>|= ‘mer21 +maUgy + m3Ugs

= ‘ (mlc%Q + mgs%zew‘?l) As+ mgs%gjei(o‘?’l_%) , (14.17)

is the effective Majorana mass in (3(3)g,-decay. In the case of CP-invariance one has [56],
M1 = €921=+1 g = '®31=+1, ¢ 29=1. The three neutrino masses m; 2.3 can be
expressed in terms of the two measured Amjk and, e.g., min(m;). Thus, given the

neutrino oscillation parameters Am%l, sin? 019, Am?ﬂ and sin? 03, |<m>| is a function
of the lightest neutrino mass min(m;), the type of neutrino mass spectrum, the Majorana
phase a1, and — in the standard parametrisation of the neutrino mixing matrix U — of
the Majorana-Dirac phase difference (a3; — 2J). In the case of NH, IH and QD spectrum
we have (see, e.g., Ref. 66 and Ref. 104):

<) 2| ety + /B sy osien =20
1
l<m>|=n (1 — sin® 261 sin? %)2 , IH (I0) and QD, (14.19)

where m = ,/Am%:,) (m = \/Amgg + m%) and m = mg for IH (I0) and QD spectrum,

respectively. In Eq. (14.19) we have exploited the fact that sin®6;3 < cos2612. The
CP conserving values of the Majorana phase a9; and the Majorana-Dirac phase
difference (a3; — ag; — 26) determine the intervals of possible values of |<m>|,
corresponding to the different types of neutrino mass spectrum. Using the 30 ranges
of the allowed values of the neutrino oscillation parameters from Table 14.1 one finds
that: i) 0.78 x 1073 eV <|<m>|<4.32 x 1072 eV in the case of NH spectrum; ii)

\/Am%?) cos 26019 0%3 Sl<m>] <y /Am%:,) 6%3, or 1.4x1072 eV < |<m>|<5.1x% 102 eV in
the case of IH spectrum; iii) mq cos 2012 < |[<m>| <myg, or 2.9 x 1072 eV < |<m>| <my

NH, (14.18)
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eV, mg 2 0.10 eV, in the case of QD spectrum. The difference in the ranges of |<m>| in
the cases of NH, IH and QD spectrum opens up the possibility to get information about
the type of neutrino mass spectrum from a measurement of |<m >| [102]. The predicted
(68)ov-decay effective Majorana mass |<m >| as a function of the lightest neutrino mass
min(m;) is shown in Fig. 14.1.

The experimental searches for ((3)g,-decay have a long history (see, e.g., [105]) .
The current best limits on |[<m>| have been obtained by the KamLAND-Zen [106]
and GERDA phase II [107] experiments searching for (843)g,-decay of 136Xe and "6Ge,
respectively:

|l<m>| < (0.061 —0.165)eV , ¥6Xe and |<m>|< (0.12—0.26)eV, 0Ge. (14.20)

both at 90% CL. The intervals reflect the estimated uncertainties in the relevant NMEs
used to extract the limits on |<m>| from the experimentally obtained lower bounds on

the ¥6Xe and "6Ge (83)g,-decay half-lives, Tlo/”2(136Xe) > 1.07 x 10%6yr (90% CL) [106],

T{)/VQ ("6Ge) > 8.0 x 10%%yr (90% CL) [107]. (For a review of the limits on |<m >| obtained
in other ((/3)g,-decay experiments and a detailed discussion of the NME calculations for
(68)ov-decay and their uncertainties see, e.g., Ref. 99.) In October 2017 the first results
of the CUORE experiment searching for (38)g,-decay of 139Te were published [108].
In this experiment the following lower limit of the half-live of 139Te was obtained:
T{)/”2(130Te) > 1.3 x 10%°yr (90% CL). Combining this limit with the limits on T{)/”2(130Te)
obtained earlier in the Cuoricino [109] and CUORE-0 [110] experiments leads to [108]
Tlo/VQ(l?’OTe) > 1.5 x 10%yr (90% CL). Taking into account the estimated uncertainties
in the relevant NMEs of the process, the following upper limit on |<m >| was reported
in [108]:

|l<m>| < (0.11 —0.52)eV, 39Te. (14.21)

The “conservative” upper limit |<77”L>|Z;Lc‘;f3 = 0.165 eV, which is in the range of the
QD spectrum, implies, as it is not difficult to show, the following upper limit on the

absolute Majorana neutrino mass scale: mg = mj 23 < |<m>[g"/ cos 2612 < 0.57 eV.

A large number of experiments of a new generation aims at a sensitivity to
|<m>| ~ (0.01 —0.05) eV, which will allow to probe the whole range of the predictions
for |[<m>| in the case of IO neutrino mass spectrum [102] (see, e.g., Refs. [98,99,100]
for reviews of the currently running and future planned (573)g,-decay experiments and
their prospective sensitivities).

Obtaining quantitative information on the neutrino mixing parameters from a
measurement of (3()g,-decay half-life would be impossible without sufficiently precise
knowledge of the corresponding NME of the process. At present the variation of the
values of the different (33)q,-decay NMEs calculated using the various currently employed
methods is typically by factors ~ (2 — 3) (for a discussion of the current status of the
calculations of the NMEs for the (353),-decay see [99]) . Additional source of uncertainty
is the effective value of the axial-vector coupling constant g4 in (8/3)g,-decay. This
constant is renormalized by nuclear medium effects, which tend to quench, i.e., reduce,
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the vacuum value of g4. The problem of the g4 quenching arose in connection with
the efforts to describe theoretically the experimental data on the two-neutrino double
beta decay [101]. The physical origin of the quenching is not fully understood, and
the magnitude of the quenching of g4 in (8()g,-decay is subject to debates (for further
details see, e.g., [99]) . The importance of the effective value of g4 in (53)q,-decay stems
from the fact that, to a good approximation, the (3(3)g,-decay rate is proportional to the
fourth power of the effective g 4.

The observation of (33)g,-decay of one nucleus is likely to lead to the searches and
observation of the decay of other nuclei. The data on the (3(3)g,-decay of several nuclei
might help to reduce the uncertainties in the calculations of the (33)q,-decay NMEs (see,
e.g., [111]) .

If the future (63)g,-decay experiments show that |[<m>| < 0.01 eV, both the IH and
the QD spectrum will be ruled out for massive Majorana neutrinos. If in addition it is

established in neutrino oscillation experiments that Am§1(32) < 0 (IO spectrum), one

would be led to conclude that either the massive neutrinos v; are Dirac fermions, or
that v; are Majorana particles but there are additional contributions to the (343)q,-decay
amplitude which interfere destructively with that due to the exchange of v;. If, however,
Am§1(32) is determined to be positive, the upper limit |[<m>| < 0.01 eV would be

perfectly compatible with massive Majorana neutrinos possessing NH mass spectrum, or
NO spectrum with partial hierarchy, and the quest for |<m >| would still be open (see,
e.g., Ref. 112).

The (63)g,-decay can be generated, in principle, by a AL = 2 mechanism other
than the light Majorana neutrino exchange considered here, or by a combination of
mechanisms one of which is the light Majorana neutrino exchange (for a discussion of
different mechanisms which can trigger (50)g,-decay, see, e.g., Refs. [113,114] and the
articles quoted therein). Actually, the predictions for |[<m>| in the cases of the NH, IH
and QD neutrino mass spectra can be drastically modified by the existence of lepton
charge non-conserving (|AL| = 2) new physics beyond that predicted by the SM: eV or
GeV to TeV scale sterile neutrinos, etc. (see, e.g., Refs. [115,116]) . There is a potential
synergy between the searches for (30)g,-decay and the searches for neutrino-related
|AL| = 2 beyond the SM physics at LHC: (83)g,-decay experiments with a sensitivity
to half-lives of TP/’/2 = 10%® yr probe approximately values of |<m>| ~ 0.1 eV and “new
physics” at the scale Apy ~ 1 TeV (see, e.g., Ref. [116] and references quoted therein).

If the (83)0,-decay will be observed, it will be of fundamental importance to determine
which mechanism (or mechanisms) is (are) inducing the decay. The discussion of the
problem of determining the mechanisms which possibly are operative in (33)g,-decay,
including the case when more than one mechanism is involved, is out of the scope of the
present article. This problem has been investigated in detail in, e.g., Refs. [114,117] and
we refer the reader to these articles and the articles quoted therein.
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14.5. The see-saw mechanism and the baryon asymmetry of the
Universe

A natural explanation of the smallness of neutrino masses is provided by the (type
I) see-saw mechanism of neutrino mass generation [3]. An integral part of this rather
simple mechanism [118] are the RH neutrinos v;p (RH neutrino fields vz (x)). The latter
are assumed to possess a Majorana mass term as well as Yukawa type coupling Lv ()
with the Standard Model lepton and Higgs doublets, ;1 () and ®(z), respectively,
W @)T = Wh(@) E@). 1= epr, @@)T = (@O(z) ®)(x)). In the basis in
which the Majorana mass matrix of RH neutrinos is diagonal, we have:

Ly () = (M Mile) @1 (@) s () + b ) — 3 M; i) N (14.22)

where )\;; is the matrix of neutrino Yukawa couplings and N; (IN;(z)) is the heavy
Majorana neutrino (field) possessing a mass M; > 0. When the electroweak symmetry
is broken spontaneously, the neutrino Yukawa coupling generates a Dirac mass term:
mg Nir(x) v (z) + h.c., with m? = v\, v = 174 GeV being the Higgs doublet v.e.v. In

the case when the elements of m? are much smaller than M;., |m5| <L My, i,k=1,2,3,
[ = e, pu, 7, the interplay between the Dirac mass term and the mass term of the heavy
(RH) Majorana neutrinos N; generates an effective Majorana mass (term) for the LH
flavour neutrinos [3]:

mjif 2= —(mP)j M ml) = = ()M (14.23)

In grand unified theories, mP is typically of the order of the charged fermion masses.

In SO(10) theories, for instance, m? is related to the up-quark mass matrix. Taking

indicatively m&L ~ 0.1 eV, mP ~ 100 GeV, one finds M ~ 10'* GeV, which is close to
the scale of unification of the electroweak and strong interactions, Mgy = 2 x 1016 GeV.
In GUT theories with RH neutrinos one finds that indeed the heavy Majorana neutrinos
N; naturally obtain masses which are by few to several orders of magnitude smaller than
Meayr. Thus, the enormous disparity between the neutrino and charged fermion masses
is explained in this approach by the huge difference between effectively the electroweak

symmetry breaking scale and Mgyr.

An additional attractive feature of the see-saw scenario is that the generation and
smallness of neutrino masses is related via the leptogenesis mechanism [2] to the
generation of the baryon asymmetry of the Universe. The Yukawa coupling in Eq. (14.22),
in general, is not CP conserving. Due to this CP-nonconserving coupling the heavy
Majorana neutrinos undergo, e.g., the decays N; — T+ @(—)7 N; — 17 + <I>(+), which
have different rates: I'(N; — I + () £ (N — 17 + ®()). When these decays occur
in the Early Universe at temperatures somewhat below the mass of, say, N1, so that the
latter are out of equilibrium with the rest of the particles present at that epoch, CP
violating asymmetries in the individual lepton charges L;, and in the total lepton charge
L, of the Universe are generated. These lepton asymmetries are converted into a baryon
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asymmetry by (B — L) conserving, but (B + L) violating, sphaleron processes, which exist
in the Standard Model and are effective at temperatures T' ~ (100 — 10'2) GeV. If the
heavy neutrinos N; have hierarchical spectrum, M; < My < M3, the observed baryon
asymmetry can be reproduced provided the mass of the lightest one satisfies M7 > 107
GeV [119]. Thus, in this scenario, the neutrino masses and mixing and the baryon
asymmetry have the same origin - the neutrino Yukawa couplings and the existence of
(at least two) heavy Majorana neutrinos. Moreover, quantitative studies [67,68], based
on advances in leptogenesis theory [120], have shown that the CP violation necessary in
leptogenesis for the generation of the observed baryon asymmetry of the Universe, can
be provided exclusively by the Dirac and/or Majorana phases in the neutrino mixing
matrix U. This implies, in particular, that if the CP symmetry is established not to hold
in the lepton sector due to U, at least some fraction (if not all) of the observed baryon
asymmetry might be due to the Dirac and/or Majorana CP violation present in the
neutrino mixing. More specifically, the necessary condition that the requisite CP violation
for a successful leptogenesis with heirarchical in mass heavy Majorana neutrinos is due
entirely to the Dirac CPV phase in U reads [68]: |sinf;3 sind|=0.09. This condition
is comfortably compatible with the measured value of sinfi3 = 0.15 and the hint that
0 = 37/2, found in the global analyses of the neutrino oscillation data. The scenario,
in which the requisite CP violation in leptogenesis is provided exclusively by the Dirac
and/or Majorana CPV phases of the neutrino mixing matrix, considered in [67,68] on
purely phenomenological grounds, was shown recently to be realised in theories of lepton
flavour based on non-Abelian discrete symmetries (see, e.g., Ref. [121]) .

14.6. Neutrino sources

In the experimental part of this review (Sections 14.9 - 14.14), we mainly discuss
neutrino oscillation experiments using neutrinos or antineutrinos produced by the Sun,
cosmic-ray interactions in the air, proton accelerators, and nuclear reactors. We call
neutrinos from these sources as solar neutrinos, atmospheric neutrinos, accelerator
neutrinos, and reactor (anti)neutrinos. Neutrinos (and/or antineutrinos) from each of
these sources have very different properties, e.g., energy spectra, flavour components, and
directional distributions, at production. In the literature, neutrino flavour conversion of
neutrinos from gravitationally collapsed supernova explosions (supernova neutrinos) is
also discussed, but this topic is out of the scope of the present review.

Solar neutrinos and atmospheric neutrinos are naturally produced neutrinos; their
fluxes as well as the distance between the (point or distributed) neutrino source and the
detector cannot be controlled artificially. While the atmospheric neutrino flux involves v,
Uuy Ve, and Ve components at production, solar neutrinos are produced as pure electron
neutrinos due to thermo-nuclear fusion reactions of four protons, producing a helium
nucleus. For atmospheric neutrinos with energy = 1 GeV, which undergo charged-current
interactions in the detector, directional correlation of the charged lepton with the parent
neutrino gives the way to know, within the resolution, the distance traveled by the
neutrino between the production and detection.

Accelerator neutrinos and reactor (anti)neutrinos are man-made neutrinos. In
principle, it is possible to choose the distance between the neutrino source and the
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detector arbitrarily. Accelerator neutrinos used for neutrino oscillation experiments so far
have been produced by the decay of secondary mesons (pions and kaons) produced by the
collision of a primary proton beam with a nuclear target. A dominant component of the
accelerator neutrino flux is v, or v, depending on the secondary meson’s sign selection,
but a wrong-sign muon neutrino component as well as v, and 7, components are also

present. The fluxes of accelerator neutrinos depend on a number of factors, e.g., energy
and intensity of the primary proton beam, material and geometry of the target, selection
of the momentum and charge of the secondary mesons that are focused, and production
angle of the secondary mesons with respect to the primary beam. In other words, it is

possible to control the peak energy, energy spread, and dominant neutrino flavour, of the
neutrino beam.

From the nuclear reactor, almost pure electron antineutrinos are produced by (-decays
of fission products of the nuclear fuel. However, experimental groups cannot control the
normalization and spectrum of the 7, flux from commercial nuclear reactors. They are
dependent on the initial fuel composition and history of the nuclear fuel burnup. These
data are provided by the power plant companies.

For neutrino oscillation experiments, knowledge of the flux of each neutrino and
antineutrino flavour at production is needed for planning and designing the experiment,
analyzing the data, and estimating systematic errors. Basically, for all neutrino sources,
flux models are constructed and validation is made by comparing various experimentally
observed quantities with the model predictions. Many of the modern accelerator long
baseline and reactor neutrino oscillation experiments employ a two- or multi-detector
configuration. In the accelerator long baseline experiment, a “near” detector measures
non-oscillated neutrino flux. In the two- or multi-baseline reactor experiments, even a
near detector measures the neutrino flux with oscillations developed to some extent.
However, comparing the quantities measured with different baselines, it is possible to
validate the reactor flux model and measure the oscillation parameters at the same time,
or to make an analysis with minimal dependence on flux models.

14.6.1. Standard solar model predictions of the solar neutrino fluxes :

The Sun is an intense, well-defined neutrino source. It provides an important
opportunities to investigate neutrino oscillations including matter effects, because of the
wide range of matter density and the great distance from the Sun to the Earth. The
solar neutrinos are produced by some of the fusion reactions in the pp chain and CNO
cycle, shown in Table 14.2. In addition, electron capture on 13N, 0, and 17F produces
line spectra of neutrinos called ecCNO neutrinos [122,123]. The combined effect of these

reactions is written as
4p — HHe +2et + 2u. (14.24)

Positrons annihilate with electrons. Therefore, when considering the solar thermal energy
generation, a relevant expression is

4p+2e~ — *He + 2w +26.73 MeV — E, | (14.25)

where F, represents the energy taken away by neutrinos, the average value being



Table 14.2:
abbreviations (second column). The neutrino fluxes predicted by the B16-GS98
standard solar model [130] are listed in the third column.

Flux [cm™s” (100 kev')]
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Neutrino-producing reactions in the Sun (first column) and their

Reaction Abbr. Flux (em™2 s71)
pp —deT v pp 5.98(1 + 0.006) x 1010
pe p — dv pep  1.44(140.01) x 10%
3He p — ‘He eTv hep  7.98(140.30) x 103
Bee™ — Liv+(y) "™Be  4.93(1+0.06) x 10°
8B — 8Be* et 8B 5.46(1 4 0.12) x 106
BN — BC ety BN 2.78(140.15) x 108
150 — BN ety 150 2.05(140.17) x 108
g 5 170 ety "F 5.29(140.20) x 10°

1 1 1
SFII-GS98 + eeCNO
Solar Neutrino Spectra (+10)
pp[£0.6%]
7Be[ﬂl_“7%]
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Figure 14.2: The solar neutrino spectrum predicted by the SFII-GS98 standard
solar model [129]. In addition to the standard fluxes, the line spectra of the ecCNO
neutrinos [123] are added. The neutrino fluxes are given in units of cm~2s~1MeV 1

for continuous spectra and cm™

25~1 for line spectra. The numbers associated with

the neutrino sources show theoretical errors of the fluxes. This figure is taken from

Ref. 134.
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The fluxes of the solar neutrinos are predicted by the calculations based on the
Standard Solar Model (SSM), which describes the internal solar structure and follows
its evolution from zero age to the present. A variety of input information is needed for
the evolutionary calculations in the SSM, including the luminosity, age, radius, and mass
of the Sun, its surface abundances of elements, radiative opacities, and nuclear reaction
rates relevant to the pp chain and CNO cycle. Bahcall and his collaborators defined the
SSM as the solar model which is constructed with the best available physics and input
data [124,125,126]. Therefore, SSM calculations have been rather frequently updated in
response to the changes or improvements of relevant physics and input data: there have
been efforts over several decades to improve the SSM [124-130]. Observation of solar
neutrinos directly addresses the theory of stellar structure and evolution, which is the
basis of the SSM. There was a large discrepancy between the “observed” and predicted
8B solar neutrino fluxes before the discovery of neutrino oscillations. Later, the SSM
calculations of the ®B solar neutrino flux turned out to be basically correct. This is one
of the major successes of the SSM.

In 2011, Serenelli, Haxton, and Pena-Garay published a new SSM calculations [129]
by adopting the newly analyzed solar fusion cross sections recommended in the Solar
Fusion II paper by Adelberger et al. [131]. Hence, their SSM is referred to as the SFII
SSM by Vinyoles et al., who published the latest SSM calculations (referred to as the
Barcelona 2016 or B16 SSM by the authors) [130]. The B16 SSM shares with the SFII
SSM much of the physics but some important nuclear fusion rates are updated and the
treatment of opacity uncertainties improved. Both the SFII and B16 SSM calculations
used two sets of solar abundances, GS98 [132] and AGSS09met [133]. (GS98 abundances
are characterized by high metal-to-hydrogen ratio Z/X = 0.0229 (all elements more
massive than Helium are called metals and their total abundance by mass is denote by
Z, while the hydrogen abundance by mass is denoted by X) and AGSS09met abundances
are characterized by low Z/X (=0.0178). High-Z SSMs are referred to as SFII-GS98 and
B16-GS98. These high-Z models show generally better agreement with solar data than
the low-Z models with AGSS09met abundances. With regard to the solar neutrino fluxes,
however, predictions of the high-Z and low-Z models are almost comparable.

The prediction of the B16-GS98 SSM [130] for the fluxes from neutrino-producing
reactions is given in Table 14.2. Fig. 14.2 shows the solar-neutrino spectra calculated with
the SFII-GS98 model [129], together with the line spectra of the ecCNO neutrinos [123].

14.6.2. Atmospheric neutrino fluxes :

Atmospheric neutrinos are produced by the decays of # and K mesons produced in
the nuclear interactions of the primary component of cosmic rays in the atmosphere ((A)
in Table 14.3). The primary cosmic ray components above 2 GeV /nucleon are protons
(~ 95%), helium nuclei (~ 4.5%), and heavier nuclei. For neutrino producing hadronic
interactions at high energies, a nucleus can be simply regarded as a sum of individual
nucleons. Pions are dominantly produced in these interactions, and they predominantly
decay according to (B1) in Table 14.3, followed by muon decay (E) in Table 14.3. The
interactions in massive underground detectors of atmospheric neutrinos provide a means
of studying neutrino oscillations because of the large range of distances traveled by
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these neutrinos (~10 to 1.27 x 10* km) to reach a detector on Earth and relatively
well-understood atmospheric neutrino fluxes.

Table 14.3: Reactions and decays relevant to atmospheric neutrino and accelerator
neutrino production. The first column shows the index of the reaction or decay, and
the second column shows the reaction or decay channel. The third column shows
the branching ratio [135]. (For K, decay, the sum of the branching ratios to charge
conjugate modes is shown).

Reaction/Decay Branching ratio (%)
(A) p(n) + A - 7t X, K*X, K; X
(B1) ™ — w4 v, () 99.9877
(B2) — et + v (Te) 0.0123
(C1) KT — p* + v, (o) 63.56
(C2) — 70+ pF 4+ v (7) 3.352
(C3) — 710+ eF + v (7e) 5.07
(D1) Ky — 7% + uT + 7, (v) 27.04
(D2) — 7t €T + 7 (ve) 40.55
(E) pt = et 4 D) + ve (Te) 100

Calculation of the atmospheric neutrino fluxes requires knowledge of the primary
cosmic-ray fluxes and composition, and the hadronic interactions. Atmospheric neutrinos
with energy of ~a few GeV are mostly produced by primary cosmic rays with energy
of ~100 GeV. For primary cosmic-rays in this energy range, a flux modulation due to
the solar activity and the effects of Earth’s geomagnetic fields should be taken into
account. In particular, the atmospheric neutrino fluxes in the low-energy region depend
on the location on the Earth. Detailed calculations of the atmospheric neutrino fluxes are
performed by Honda et al. [136,137], Barr et al. [138], and Battistoni et al. [139], with
a typical uncertainty of 10 ~ 20%.

From the dominant production mechanism of the atmospheric neutrinos, we can
readily understand some relations that exist between the atmospheric v, vy, ve, and e
fluxes without detailed calculations. For the ratio of the fluxes of (v, + 7,) and (ve + 7e)
at low energies (< 1 GeV), where almost all produced muons decay before reaching
the ground, we have approximately (v, + 7y)/(ve + Ve) = 2. As the neutrino energy
increases, this ratio increases because an increasing fraction of muons do not decay before
reaching the ground (the Earth surface) and being absorbed. We also have v, /7, ~ 1 at
low energies. However, as the v, /U, ratio reflects the parent 7 /7~ ratio (see (B1) and
(B2) in Table 14.3), it is expected to be slightly greater than 1 because the dominance of
protons in the primary component of the cosmic rays means a 1 excess in the secondary
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All Direction Averaged Flux Ratios
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Figure 14.3: Neutrino flavour ratios calculated with the all-direction and one-year
averaged atmospheric neutrino fluxes at Kamioka. This figure is provided by M.
Honda, and is a part of Fig. 5 in Ref. [137], where similar plots at the INO site,
the South Pole, and the Pyhésalmi mine are also shown.

component. Fig. 14.3 shows these ratios at the Super-Kamiokande site, averaged over all
directions and over a year, as a function of neutrino energy.

Another important feature of the atmospheric neutrino fluxes is that the zenith angle
distribution for each neutrino type is up-down symmetric above ~ 1 GeV, if there are
no neutrino oscillations. As the neutrino energy becomes lower than ~ 1 GeV, however,
zenith angle distributions start to show deviations from up-down symmetric shapes due
to the geomagnetic effects on primary cosmic rays.

14.6.3. Accelerator neutrino beams :

Conventional method to produce neutrino beams at a high-energy proton accelerator
facility is to guide an intense proton beam onto a nuclear target of 1 ~ 2 interaction
lengths. For a comprehensive description of the accelerator neutrino beams, see Ref. 140.
From the pA collisions, mesons are produced and their decays then produce neutrinos
(see Table 14.3). In the high-energy collisions, pions are dominantly produced, with
kaons produced at an order of 10% of the pion production rate. Therefore, the dominant
component of the accelerator neutrinos is the muon neutrino or muon antineutrino.
Mesons decay in the free space called a decay pipe or decay tunnel. This free space is
evacuated or filled with helium gas. The decay tunnel is followed by a muon absorber
(Earth ground or concrete), which can be several hundred meters long.

To increase the neutrino flux, it is necessary to focus the secondary pions. Modern
neutrino oscillation experiments at high-energy accelerators exploit two or three magnetic
horns as an approximately point-to-parallel focusing system for this purpose. A magnetic
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horn is a high-current pulse magnet with toroidal magnetic fields. Therefore, the use of
horns also means sign selection of the secondary hadrons that are focused, which in turn
means muon neutrino sign selection. Even so, a fraction of wrong sign muon neutrinos
contaminate the beam. Also, there is a small v, and 7, contamination from kaon, pion,
and muon decay ((C3), (B2), and (E) in Table 14.3). Precise knowledge of v, and v,

components in the neutrino flux is important for the v, — ve (7, — Ue) appearance

measurement.

With a given neutrino beam line configuration, the expected neutrino fluxes are
calculated by using a simulation program tuned to that configuration. Re-interactions of
the primary protons in the target and interactions of the secondary particles in the target
and in the material outside the target have to be taken into account. An important input
is hadron production cross sections from pA collisions for relevant target materials over
wide energy and angular regions. For this purpose, some dedicated experiments such as
SPY [141], HARP [142], MIPP [143], and NA61/SHINE [144] have been conducted.
The data are fit to specific hadron production models to determine the model parameters.

The predicted neutrino fluxes have to be validated in some way. Modern long baseline
neutrino oscillation experiments often have a two-detector configuration, with a near
detector to measure an unoscillated neutrino flux immediately after the production. In
the single detector experiment, the muon-neutrino flux model is calibrated by using a
muon monitor which is located behind the beam dump. Since low-energy muons are
absorbed in the beam dump, it is not possible to calibrate the low-energy part of the
neutrino spectrum. Even in the two-detector experiments, it should be noted that the
near detector does not see the same neutrino flux as the far detector sees, because the
neutrino source looks like a line source for the near detector, while it looks as a point
source for the far detector.

The energy E, of the neutrino emitted at an angle # with respect to the parent pion
direction is given by
2 2

T My
14.26
2(Ex — prcos)’ ( )

m

EI/:

where E; and pr are the energy and momentum of the parent pion, m; is the charged
pion mass, my, is the muon mass. Suppose an ideal case that the pions are completely
focused in parallel. Then, for # = 0, it can be seen from the above equation that E, is
proportional to E; for E; > my;. As the secondary pions have a wide energy spectrum,
a 0 degree neutrino beam also has a wide spectrum and is called a “wide-band beam”.
For a given angle 6, differentiating the above expression with respect to E, it can be
shown that E,, takes a maximum value B8 = (m2 — mi) /(2ESsin%0) at E2 = my /sinf.
Numerical calculations show that a wide range of Ej, in particular that of Ex > EZ,
contributes to a narrow range of E), < E'@X [145]. It is expected, therefore, that a
narrow neutrino spectrum peaked at around E}'®* can be obtained by the off-axis beam.
Fig. 14.4 shows an example of the simulated muon neutrino fluxes at § = 0 degree and
2.0° and 2.5° off-axis configurations corresponding to the T2K experiment [146]. As
expected, an off-axis beam has a narrower spectrum than the 0 degree wide-band beam.
Therefore, an off-axis beam is called a “narrow-band beam”. This idea of an off-axis
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beam was proposed for BNL E889 experiment [145]. It has been employed for the T2K
experiment for the first time. Currently, it is also used in the NOvA experiment [147].
For the off-axis beam, obviously the effect of a line neutrino source, namely the difference
between the neutrino fluxes measured at the near and far detectors, is enhanced, and it
has to be properly taken into account.
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Figure 14.4: Muon neutrino survival probability at 295 km and neutrino fluxes for
different off-axis angles. This figure is taken from Ref. 146.

14.6.4. Reactor neutrino fluzxes :

In nuclear reactors, power is generated mainly by nuclear fission of four heavy isotopes,
2357, 2387, 239Py, and 24'Pu. These isotopes account for more than 99% of fissions in
the reactor core. (-decays of fission products produce almost pure 7, flux. The rate of v,
production is less than 107 of the rate of 7, production [148]. As the daughter isotopes
of each fission undergo 6 [-decays on average, 6 electron antineutrinos are emitted
per fission. The thermal power outputs of nuclear power reactors are usually quoted
in thermal GW, GWy,. The effective energy released per fission is ~ 200 MeV [150].
Therefore, with 1 GWy;, output, ~ 2 x 1020 electron antineutrinos are produced per
second and emitted isotropically. Typical power plant light-water reactors have thermal
power outputs of order 3 GWyy,. The total 7, flux S(F,) emitted from a reactor is given
as a sum of contributions from the four fissioning isotopes, S(Ey) = >_; f;5;(Ey), where

f; is the fission rate and S;(E, ) is the 7, flux per fission (in units of 7 /(cm? fission)) of
each contributing isotope, j = 235,238,239, 241. The fission rates, and therefore S(E,),
are dependent on the thermal power output Wy, from the reactor as a function of time.
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Using Wiy, and the total fission rate F' =3, f;, S(Ey) is rewritten as [149]

% > (fi/F)S;(Ey), (14.27)
j :

J

S(EV) =

where FE; is the average energy released per fission by each isotope [150]. The thermal
power output and fission fractions f;/F' are provided by the power plant companies.
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Figure 14.5: Assuming a 12-ton fiducial mass detector located 0.8 km from
12-GWyy, power reactor, U interaction spectrum in the detector (curve (a)) and
reactor 7. flux at the detector (curve (b)) are shown as a function of energy. Inverse
[-decay cross section (curve (c)) is also shown. This figure is from Ref. 162.

Electron antineutrinos from reactors are detected via the inverse (-decay (IBD)
Ve +p — et +n. This reaction has a threshold of 1.8 MeV, so that the 7, flux above
this threshold is detected. The event rate as a function of 7, energy E, is proportional to
o(E,)S(E,), where o(E,) is the IBD cross section. Fig. 14.5 shows o(FE, ). This figure
also shows the flux and event rate for a particular detector configuration (see caption to
this figure) in a reactor neutrino oscillation experiment.

To estimate the flux per fission S;(E,) for each fuel isotope j, two methods have
been employed [151,152]. One is an ab initio type approach called the “summation”
method. It makes use of available nuclear data information of all fission fragments and
their (-decays. Then, the 7, spectrum of each (3-decay branch is summed up with its
cumulative yield in fission as a weight to give S;(E,). While the conversion of the
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electron spectrum in [-decay to the v, spectrum is trivial for a single [S-decay branch,
fission of the four main fuel isotopes involve > 1000 daughter isotopes and > 6000
individual [-decay branches. Incomplete knowledge of the nuclear data would cause
rather large uncertainties in both the normalization and shape of the reactor 7, flux.
The other method is an empirical approach called the “conversion” method. It relies on
the measured cumulative electron spectrum associated with the [-decays of all fission
fragments of the fuel isotope j. This spectrum is fitted by the superposition of a set of
virtual allowed branches with different end points. S;(E,) is then given as the sum of the
Ve spectrum converted from each virtual S-branch.

The cumulative electron spectra were measured at the Institut Laue-Langevin (ILL)
reactor in Grenoble, France in the 1980s for 23°U, 239Py, and ?*'Pu, irradiated with
thermal neutrons, and converted to the 7, spectra [153]. However, as 2387 undergoes
fission with fast neutrons, its cumulative electron spectrum could not be measured at the
ILL reactor. It was later measured at the scientific neutron source FRM II in Garching,
Germany in 2014 [154].

Until 2011, a conventionally employed reactor v, flux model was the predictions from
the ILL conversion for 23°U, 239Pu, and 24! Pu spectra [153]. For the 2387 p, spectrum,
the prediction from Vogel et al.’s summation [152] calculation was often used. (We refer
to this reactor 7. flux model as the “ILL-Vogel” flux model or the “old” flux model.)

In 2011 the reactor v, flux predictions were reevaluated with improved theoretical
treatments [155]. The authors of [155] calculated the 238U 7, spectrum with an improved
ab initio approach and obtained predictions for 232U, 239Pu, and 24! Pu 7, spectra with a
strategy to use the nuclear database information as much as possible. Their predictions
for the 235U, 239Pu, and ?*'Pu 7, spectra were found about 3% higher in normalization
compared to the ILL predictions [153]. It was further pointed out in [156] that the mean
ratio of the IBD event rate observed in previous short baseline reactor neutrino oscillation
experiments to the rate predicted in [155] is 0.943 £ 0.023. The authors of [156] called
this discrepancy (more than 20 effect) the “reactor antineutrino anomaly.”

Subsequently, the accuracy of theoretical electron spectrum in (-decay was further
improved in [157]. The author of [157] took the strategy of minimizing the use of nuclear
databases as much as possible, in contrast to that employed in [155], to predict the 235y,
239Py, and 241 Pu 7, spectra by the conversion method. He also found that his predictions
for the 232U, 239Py, and 24'Pu 7, spectra were about 3% higher in normalization than
the ILL predictions [153].

In view of the improved predictions of the reactor antineutrino spectra after 2011,
the reactor 7, flux model often quoted in the literature is based on the prediction from
the Huber conversion [157] for 23U, 239Pu, and ?*!Pu and the prediction from Mueller
et al.’s ab initio calculation for 238U [155]. (We refer to this reactor 7, flux model as the
“Saclay-Huber” flux model or the “new” flux model.) For the 233U 7, flux, the prediction
based on the measured electron spectrum [154] is also used.

If true, the results obtained with the “new” 7, flux model hint at possible oscillations
involving sterile neutrinos (see Section 14.14). However, the reactor antineutrino flux
measurement at Daya Bay [158] is consistent with the flux measurement results in the
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previous short-baseline reactor neutrino oscillation experiments, and shows a 7.8% lower
observed IBD yield from fission of 235U with respect to the prediction of the “new” flux
model [159]. This result suggests that the primary source of the reactor antineutrino
anomaly may be an incorrect prediction of the 23°U 7, flux by the “new” flux model.
A combined analysis of the Daya Bay measurement and other reactor measurements of
the 7, fluxes was performed also in [160], where statistically stronger results confirming
the Daya Bay’s observation were obtained. These results have an impact on the sterile
neutrino search in reactor neutrino oscillation experiments.

In what concerns the shape of the reactor 7, flux, all the current reactor neutrino
oscillation experiments, Daya Bay [158], RENO [45], and Double Chooz [46], observe
an excess of 7, flux in the energy region from 4 to 6 MeV, relative to current predictions.
The excess rate is found to be time independent and correlated with the reactor power.
Because of this, an unknown background is unlikely for its explanation. There are certain
suggestions on the possible nuclear physics origins of this excess, but this problem is not
completely solved yet [161].

14.7. Neutrino oscillations in vacuum

Neutrino oscillations are a quantum mechanical consequence of the existence of nonzero
neutrino masses and neutrino (lepton) mixing, Eq. (14.1), and of the relatively small
splitting between the neutrino masses. The neutrino mixing and oscillation phenomena
are analogous to the K9 — K0 and BY — B0 mixing and oscillations.

In what follows we will present a simplified version of the derivation of the expressions
for the neutrino and antineutrino oscillation probabilities. The complete derivation would
require the use of the wave packet formalism for the evolution of the massive neutrino
states, or, alternatively, of the field-theoretical approach, in which one takes into account
the processes of production, propagation and detection of neutrinos [163].

Suppose the flavour neutrino v} is produced in a CC weak interaction process and after
a time T it is observed by a neutrino detector, located at a distance L from the neutrino
source and capable of detecting also neutrinos vy, I’ # [. We will consider the evolution
of the neutrino state |v;) in the frame in which the detector is at rest (laboratory frame).
The oscillation probability, as we will see, is a Lorentz invariant quantity. If lepton
mixing, Eq. (14.1), takes place and the masses m; of all neutrinos v; are sufficiently
small, the state of the neutrino v, |1;), will be a coherent superposition of the states |v;)
of neutrinos v;:

1) ZZUZ}M;@), l=ep,T, (14.28)
J

where U is the neutrino mixing matrix and p; is the 4-momentum of v; [164].

We will consider the case of relativistic neutrinos v;, which corresponds to the conditions
in both past and currently planned future neutrino oscillation experiments [166]. In this
case the state |v;;p;) practically coincides with the helicity (-1) state |v;, L; p;) of the
neutrino v;, the admixture of the helicity (+1) state |v;, R; p;) in |v;; p;) being suppressed
due to the factor ~ m;/E;, where E; is the energy of v;. If v; are Majorana particles,
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vj = X;, due to the presence of the helicity (+1) state |x;, R;p;) in |x;;D;), the neutrino
v; can produce an [T (instead of [~) when it interacts, e.g., with nucleons. The cross

section of such a [ALj| = 2 process is suppressed by the factor (m;/ Ej)z, which renders
the process unobservable at present.

If the number n of massive neutrinos v; is bigger than 3 due to a mixing between the
active flavour and sterile neutrinos, one will have additional relations similar to that in
Eq. (14.28) for the state vectors of the (predominantly LH) sterile antineutrinos. In the
case of just one RH sterile neutrino field vsg (), for instance, we will have in addition to
Eq. (14.28):

4
Usp) = Z U;j |Vj;pj Z |VJ,L pj (14.29)
J=1

where the neutrino mixing matrix U is now a 4 x 4 unitary matrix.

For the state vector of RH flavour antineutrino 7;, produced in a CC weak interaction
process we similarly get:

m)y =Y Uylosp) = Ujlog, Ripj), 1=ep,T, (14.30)
. =

where |Uj, R;p;) is the helicity (41) state of the antineutrino 7; if v; are Dirac
fermions, or the helicity (41) state of the neutrino v; = v; = x; if the massive
neutrinos are Majorana particles. Thus, in the latter case we have in Eq. (14.30):
\DjiDj) = |vj, RiDj) =[x, R; pj). The presence of the matrix U in Eq. (14.30) (and not
of U*) follows directly from Eq. (14.1).

We will assume in what follows that the spectrum of masses of neutrinos is not
degenerate: m; # my, j # k. Then the states |v;;p;) in the linear superposition in
the r.h.s. of Eq. (14.28) will have, in general, different energies and different momenta,
independently of whether they are produced in a decay or interaction process: p; # py, or

E; # Ei, pj # Pk, J # k, where E; = ,/p? + m?, pj = |pj|. The deviations of £; and p;
from the values for a massless neutrino £ and p = F are proportional to m? / Eo, Ey being a
characteristic energy of the process, and are extremely small. In the case of 77 — pt + Vi
decay at rest, for instance, we have: E; = E + m?/(2m7r), pj = E— §m2/(2E), Where
E = (mg/2)(1 - mi/m%) >~ 30 MeV, ¢ = (1 —|—mi/m727)/2 =~ 0.8, and m, and m, are
the x4 and 7" masses. Taking m; = 1 eV we find: E; = F(1+ 1.2 x 10716) and
pj 2 E(1—44x10716).

Given the uncorrelated uncertainties ' and dp in the knowledge of the neutrino energy
FE and momentum p, the quantum mechanical condition that neutrinos with definite mass
v, Vs, ..., whose states are part of the linear superposition of states corresponding, for
example, to |v;) in Eq. (14.28), are emitted coherently when |v;) is produced in some
weak interaction process, has the form [167]:

sm2 — \/(2E6E)2 + (2pop)? > max(|m? —m2)), 4,5 =1,2,.,n, (14.31)
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where dm? is the uncertainty in the square of the neutrino mass due to the uncertainties
in the energy and momentum of the neutrino. Equation Eq. (14.31) follows from the well
known relativistic relation E2 = p% + m2. In the context under discussion, 6E and dp
should be understood as the intrinsic quantum mechanical uncertainties in the neutrino
energy and momentum for the given neutrino production and detection processes, i.e.,
0F and dp are the minimal uncertainties with which E and p can be determined in the
considered production and detection processes. Then dm?2 is the quantum mechanical
uncertainty of the inferred squared neutrino mass.

Suppose that the neutrinos are observed via a CC weak interaction process and that
in the detector’s rest frame they are detected after time T' after emission, after traveling
a distance L. Then the amplitude of the probability that neutrino v will be observed if
neutrino v; was produced by the neutrino source can be written as [163,165,168]:

Ay — vp) ZUZ/ D;U ﬂ, LU =e T, (14.32)

where D; = D;(pj; L,T) describes the propagation of v; between the source and the
detector, U;fl and Uy are the amplitudes to find

vj in the initial and in the final flavour neutrino state, respectively. It follows from
relativistic Quantum Mechanics considerations that [163,165]

Dj = Dj(pj; L, T) = e B3 @f=20) — =B T=piL) = )= |5 (14.33)

where [169] zg and z ¢ are the space-time coordinates of the points of neutrino production
and detection, T' = (t; — t9) and L = k(xys —Xq), k being the unit vector in the direction
of neutrino momentum, p; = kp;. What is relevant for the calculation of the probability
P(v; — vy) = |A(v; — vy)|? is the interference factor D;Dj which depends on the phase

B+ By,
Spir = (E; — EL)T — (p; — pp)L = (E; — Ey, {T—jiL}
ik = (Ej )T — (p; ) (E; ) Di + Db
2 2
me: —m
1k (14.34)
Dj + Dk

Some authors [170] have suggested that the distance traveled by the neutrinos
L and the time interval 1" are related by T = (E; + Ey)L/(pj + pi) = L/7,
v = (Ej/(E; + Ey))vj + (E/(Ej + Ej))v, being the “average” velocity of v; and
vk, where v = p;/FE;k. In this case the first term in the r.h.s. of Eq. (14.34)
vanishes. The indicated relation has not emerged so far from any dynamical wave packet
calculations. We arrive at the same conclusion concerning the term under discussion in
Eq. (14.34) if one assumes [171] that E; = £ = Ey. Finally, it was proposed in Ref. 168
and Ref. 177 that the states of v; and 7; in Eq. (14.28) and Eq. (14.30) have the same
3-momentum, p; = py = p. Under this condition the first term in the r.h.s. of Eq. (14.34)
is negligible, being suppressed by the additional factor (m? + mi) /p? since for relativistic
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neutrinos L = T up to terms ~ m? i / p2. We arrive at the same conclusion if E; # Ey,
pj # Pk, J # k, and we take into account that neutrinos are relativistic and therefore, up
to corrections ~ m?k/EJQ.k, we have L 2 T (see, e.g., C. Giunti quoted in Ref. 163).

Although the cases considered above are physically quite different, they lead to the
same result for the phase difference dpji. Thus, we have:

2 2

my - my L 2 9
Spi = —L—LL =27 sgn(msi —my,), 14.35
o gy, st ) (14.35)

where p = (p; + px)/2 and
MeV

vo=dr— Lo ~o48m ]“[2—6]2 (14.36)

\Amjk\ \Amjk\[ev ]

is the neutrino oscillation length associated with Amzk. We can safely neglect the

dependence of p; and py, on the masses m; and my, and consider p to be the zero neutrino
mass momentum, p = . The phase difference dp;1, Eq. (14.35), is Lorentz-invariant.

Eq. (14.33) corresponds to a plane-wave description of the propagation of neutrinos
vj. It accounts only for the movement of the center of the wave packet describing v;.
In the wave packet treatment of the problem, the interference between the states of v;
and vy is subject to a number of conditions [163], the localization condition and the
condition of overlapping of the wave packets of v; and v, at the detection point being
the most important. For relativistic neutrinos, the localisation condition in space, for
instance, reads: o,p,0,p < L}’k/(27r), o,p(p) being the spatial width of the production
(detection) wave packet. Thus, the interference will not be suppressed if the spatial
width of the neutrino wave packets determined by the neutrino production and detection
processes is smaller than the corresponding oscillation length in vacuum. In order for the
interference to be nonzero, the wave packets describing v; and vy, should also overlap in
the point of neutrino detection. This requires that the spatial separation between the
two wave packets at the point of neutrinos detection, caused by the two wave packets
having different group velocities v; # vy, satisfies |(v; — vy)T| < max(oy,p,0,p). If the
interval of time T' is not measured, T in the preceding condition must be replaced by the
distance L between the neutrino source and the detector (for further discussion see, e.g.,
Refs. [163,165,168]) .

For the v; — vy and 7; — vy oscillation probabilities we get from Eq. (14.32),
Eq. (14.33), and Eq. (14.35):

P(I/l — I/l/) = Z |Ul’j‘2 ‘Ulj‘Q + 2 Z |Ul’j U[;' Ui Ul’;k|

7 i>k
2
Amjk

COS( L— gbl/l;jki) y (1437)
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Py — o) = > _ U P|UG1? + 2> Uy, U Ui Uy

J >k
2
Amjk

COS( L + le/l;jk) N (1438)

where [,I' = e, u, 7 and Py = arg <Ul’j U[} Uk Ul’ik). It follows from Eq. (14.32) -

Eq. (14.34) that in order for neutrino oscillations to occur, at least two neutrinos v;
should not be degenerate in mass and lepton mixing should take place, U # 1. The
neutrino oscillations effects can be large if we have

\Am?k\ L
L=2r—21, j#k. (14.39)
2p L;?k

at least for one Am?k. This condition has a simple physical interpretation: the neutrino
oscillation length L;?k should be of the order of, or smaller, than source-detector distance
L, otherwise the oscillations will not have time to develop before neutrinos reach the
detector.

We see from Eq. (14.37) and Eq. (14.38) that P(y; — vy) = P(oy — 1p),
I,I!' = e,p, 7. This is a consequence of CPT invariance. The conditions of CP
and T invariance read [54,61,62]: P(vy; — vy) = Py — vy), LI = e,u, 7 (CP),
P(yy — vy) = P(vy — ), P(yy — vy) = P(oy — 1), L,I! = e,pu, 7 (T). In the case
of CPT invariance, which we will assume to hold throughout this article, we get for
the survival probabilities: P(v; — v;) = P(y; — 1), | = e, u, 7. Thus, the study of
the “disappearance” of v; and 7, caused by oscillations in vacuum, cannot be used
to test whether CP invariance holds in the lepton sector. It follows from Eq. (14.37)
and Eq. (14.38) that we can have CP violation effects in neutrino oscillations only if
b1k # 7q, ¢ = 0,1,2, d.e., if Up; Ul”;- Ui Uj),., and therefore U itself, is not real. As a
measure of CP and T violation in neutrino oscillations we can consider the asymmetries:

Agg) = Py, — vp) — P(iy, — iy) A¥'z> =Py > vy)— Pluyp —vy).  (14.40)

/ / / /
CPT invariance implies: Ag b _ —AglP), A(jf D~ Poy — ) — Py — vy) = Agfl,). It
follows further directly from Eq. (14.37) and Eq. (14.38) that

2
Am.k

2p

!
Ag}l) =4 Z Im <Ul’j U5 Uk Uﬁ) sin L, L =e,u,T. (14.41)

>k

Eq. (14.2) and Eq. (14.37) - Eq. (14.38) imply that P(v; — vy) and P(; — vy) do
not depend on the Majorana CP violation phases in the neutrino mixing matrix U [54].
Thus, the experiments investigating the v; — vy and ; — vy oscillations, I,I' = e, u, T,
cannot provide information on the nature - Dirac or Majorana, of massive neutrinos.
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The same conclusions hold also when the v; — vy and v} — vy, oscillations take place in
matter [65]. In the case of v; < vy and 7} < Dy oscillations in vacuum, only the Dirac
phase(s) in U can cause CP violating effects leading to P(v; — vy) # P(y; — vy), L £ 1.

In the case of 3-neutrino mixing all different Im(Ul/jU[;.Ulk ;jk) £0,1' £1=e,p,T,
j # k =1,2,3, coincide up to a sign as a consequence of the unitarity of U. Therefore
one has [63]:

A(Ne) _ _A(Te) — A(CTPI’L) —

Ccp — C
Am3 Am? Am?
4 Jop | sin 132 I, 4 sin 2L [ 4 i 018 , (14.42)
2p 2p 2p
where
Jop = Im (Uﬂg Uy Uss U;;Q) , (14.43)

is the “rephasing invariant” associated with the Dirac CP violation phase in U. It is
analogous to the rephasing invariant associated with the Dirac CP violating phase in
the CKM quark mixing matrix [64]. It is clear from Eq. (14.42) that Jcp controls the
magnitude of CP violation effects in neutrino oscillations in the case of 3-neutrino mixing.

/
If sin(Am2/(2p)L) 2 0 for (ij) = (32), or (21), or (13), we get ALy 2 0. Thus, if as
a consequence of the production, propagation and/or detection of neutrinos, effectively
oscillations due only to one non-zero neutrino mass squared difference take place, the CP

)

/
violating effects will be strongly suppressed. In particular, we get Agé = 0, unless all
three AmZ; # 0, (ij) = (32), (21), (13).

If the number of massive neutrinos n is equal to the number of neutrino flavours,
n = 3, one has as a consequence of the unitarity of the neutrino mixing matrix:
dv—epr Py — vp) =1, 1 = e,p,, Do P — vp) = 1, ' =ep,r.
Similar “probability conservation” equations hold for P(7; — vy). If, however, the
number of light massive neutrinos is bigger than the number of flavour neutrinos as
a consequence, e.qg., of a flavour neutrino - sterile neutrino mixing, we would have
Zl/:e#ﬁ Plvy — vy) =1—-P(yy — vgp), | = e,u, 7, where we have assumed the
existence of just one sterile neutrino. Obviously, in this case Zl’:e, o Py —uvy) <1if
P(v; — vgr) # 0. The former inequality is used in the searches for oscillations between
active and sterile neutrinos.

Consider next neutrino oscillations in the case of one neutrino mass squared difference
“dominance”: suppose that |Am?1| < |Am2,], 5 =2,...,(n—1), |Am2{| L/(2p) 21 and
|Am§1|L/(2p) < 1, so that exp[z’(Am?1 L/2p)] =1, j =2,..,(n—1). Under these
conditions we obtain from Eq. (14.37) and Eq. (14.38), keeping only the oscillating terms
involving Am%lz

P(yygry = vpy) = P(oygry = py) 22 6 — 2|Upy | [5zz/ - |Ul/n|2]

A 2
(1 — cos % L). (14.44)
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It follows from the neutrino oscillation data discussed in Section 14.2 that in the
case of 3-neutrino mixing, one of the two independent neutrino mass squared differences,
Am21 > 0, is much smaller than the absolute value of the second one, |Am§1\:
Am3; < |Am3,|, Am3,/|Am3,| = 0.03. Neglecting the effects due to Am3; we get
from Eq. (14.44) by setting n = 3 and choosing, e.g., i) | = I’ = e and ii) | = e(u),
' = p(e) [172]:

_ _ 2 2 Am?ﬂ
P(ve = ve) = P(Ue — Ue) 21 —2|U,s| <1—|U63|> 1—cos—==L

1 Am?
= 1— 5 sin 2013 (1 ~cos 281 L) , (14.45)

Am?2
o 2 2 31
P(Vﬂ(e) — Ve(M)) 2 2|Uu3|" |Ues| (1 — cos T L)

|Uu3|2

ST [UaP P <|Ue3l2,Am§1) = sin® O3 P? (sin2 913,Am§1) ., (14.46)
— |Ve3

and P(Vye) = Ve(u)) = P(Vy(e) = Ve(u))- Here P (|U63|2,Am§1) = 0.5sin? 2013(1 —
Am?ﬂ I

Cos ) is the probability of the 2-neutrino transition ve — (s23vy + c23vr) due to

Am%l and a mixing with angle 013, where 613 and 623 are the reactor and atmospheric
neutrino angles of the standard parametrization of the neutrino mixing matrix (see
Eq. (14.6) and Eq. (14.8)). Eq. (14.45) describes with a relatively high precision the
oscillations of reactor 7, on a distance L ~ 1 km in the case of 3-neutrino mixing. It was
used in the analysis of the data of the Chooz [57], Double Chooz [32], Daya Bay [33] and
RENO [34] experiments. Eq. (14.44) with n =3 and [ = I’ = u describes with a relatively
good precision the effects of “disappearance” due to oscillations of the accelerator v, seen
in the K2K [19] MINOS [20,21] and T2K [22,23] experiments. The v,, — v, transitions
due to the oscillations, which the OPERA experiment [173,174] is observing, can be
described by Eq. (14.44) with n = 3 and | = p, I’ = 7. Finally, the probability Eq. (14.46)
describes with a good precision the v, — v and v, — V. oscillations under the conditions
of the K2K experiment [175].

It follows from the expressions for the probabilities in Eq. (14.45) and Eq. (14.46),
obtained in the one Am? dominance approximation, that they are not sensitive to the
sign of Am%l, i.e., to the neutrino mass ordering. However, the exact 3-neutrino mixing
ve and e survival probabilities, P(Ve — ve) = P(ve — ve) (we assume CPT invariance),
depend on the neutrino mass ordering [86,176]. Indeed, the expression of interest can be
cast in the form [86,176]( see also [87,89]) :

1 Am?2, L
P(X)(De—>De):PX(Ve—>Ve):1——sin22013 1 — cos —atm =~
2 2E,

Am2 L
— 2cos* 013 X2 (1 — X?) [ 1—cos o
2FE,
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1 .9 9 Am?, L Am% L Am?2, L
- 20 atm _ _ atm 4
+ 5 sin” 2013 X (cos ( 2, 5 E, cos — E, (14.47)

where AmG = Ale, Amatm = Am31 in the NO case, Amatm = Am%z in the 10
case, and we have used the fact that Am31 (NO) =— Am32 (10). Thus,

Am2,,, = Am3;(NO) = — Am3,(10). (14.48)
The parameter X in Eq. (14.47) is given by:

X2 =sin® 019 , NO spectrum,

X2 = cos? 0y, IO spectrum, (14.49)

f12 being the solar neutrino mixing angle of the standard parametrisation of the
neutrino mixing matrix (see Eq. (14.6) and Eq. (14.7)). Thus, the probability of 7.
and ve survival in the NO and IO cases, P(NO)(De — Up) = P(NO)(I/e — V) and
PUO) (5, — ) = PUON (1, — 1), differ by the coefficient X2 in the last term in
Eq. (14.47) - the 1nterference term involving both AmG and Amatm For the current
best fit value of sinZ 619 = 0.297 quoted in Table 1.1 we have cos? 015 = 0.703, i.e., the
coefficient under discussion in PU O)(De — Ue) is approximately by a factor of 2.3 larger
than that in P(NO)(De — Ue). It was suggested in [86] on the basis of an analysis of the
distortion of 7, spectrum due to oscillations in the NO and IO cases that the indicated
difference can be used for determination of the neutrino mass ordering in an experiment
with reactor 7. This possibility was further studied in greater detail in [87,89] and, e.g.,
in [88,90]. Such an experiment is currently under preparation within the JUNO project
in China [91].

In certain cases the dimensions of the neutrino source, AL, are not negligible in
comparison with the oscillation length. Similarly, when analyzing neutrino oscillation
data one has to include the energy resolution of the detector, AFE, etc. in the analysis.
As can be shown [52], if 27rAL/L3?k > 1, and/or 27T(L/L3?k)(AE/E) > 1, the oscillating
terms in the neutrino oscillation probabilities will be strongly suppressed. In this case (as
well as in the case of sufficiently large separation of the v; and v, wave packets at the
detection point) the interference terms in P(rv; — vy ) and P(vy — ;) will be negligibly
small and the neutrino flavour conversion will be determined by the average probabilities:

Py, — vy) = P(7, — ) Z|Ul/ 21U 2 (14.50)

Suppose next that in the case of 3-neutrino mixing, \Am%l\ L/(2p) ~ 1, while at the same
time |Am§1(32)| L/(2p) > 1, and the oscillations due to Am3; and Am3, are strongly

suppressed (averaged out) due to integration over the region of neutrino production, the
energy resolution function, etc. In this case we get for the v and v, survival probabilities:

2
Pve — ve) = P(be — 7e) = |Ues|* + (1 _ |U63|2> P2 (v — 1e)
= sin? 013 + cos® 013P% (ve — ve), (14.51)
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where
P (Ve — ve) = PP (0o — 17e) = P2 (012, Am3))

1 Am3 Am3
=1- 3 sin? 2615 (1 — cos % L) = 1 — sin® 201 sin® (% L) (14.52)

are the v and e survival probabilities in the case of 2-neutrino oscillations “driven” by
the angle 19 and Am3,. Eq. (14.51) with P?” (7, — ) given by Eq. (14.52) describes
the effects of neutrino oscillations of reactor 7, observed by the KamLAND experiment.

1.0
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Figure 14.6: The v, (V) survival probability P(ve — ve) = P(Ue — Ve),
Eq. (14.54), as a function of the neutrino energy for L = 180 km, Am? =
7.0 x 107° eV? and sin? 20 = 0.84 (from Ref. 178).

The data of v-oscillations experiments were often analyzed in the past, and in certain
cases new data are still analyzed at present, assuming 2-neutrino mixing;:

ly)) = |v1)cosO+ |va)sinf, |vy) = —|v1)sinf + |v) cosb (14.53)

where 6 is the neutrino mixing angle in vacuum and v, is another flavour neutrino or
sterile (anti-) neutrino, x =1’ # [ or vy = ,r,. In this case we have [177]:

1 L Am2
sz(Vl —uy)=1- 581112 20 (1 — COSQ?Tﬁ) =1 —sin® 26 (Sin2 477E1 L) ,

Py —vy)=1—-P%(y - 1)), (14.54)

where LY = 47 E/Am? (p = E), Am? = m3 —m? > 0. Combining the CPT invariance
constraints with the probability conservation one obtains: P(v; — vg) = P(y; — vg) =
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P(vy — v)) = P(vy — 7;). These equalities and Eq. (14.54) with | = p and x = 7 were
used, for instance, in the analysis of the Super-K atmospheric neutrino data [17], in which
the first compelling evidence for oscillations of neutrinos was obtained. The probability
P?(y; — vg), Eq. (14.54), depends on two factors: on (1 — cos 2w L/LV), which exhibits
oscillatory dependence on the distance L and on the neutrino energy p = E (hence the
name “neutrino oscillations”), and on sin? 20, which determines the amplitude of the
oscillations. In order to have P?(y; — v,) = 1, two conditions have to be fulfilled:
one should have sin?26 = 1 and LY <2nL with cos2rL/LY = —1. If LY > 2rL, the
oscillations do not have enough time to develop on the way to the neutrino detector
and P(v; — vz) = 0, while P(y; — 1) & 1. The preceding comments are illustrated in
Fig. 14.6 showing the dependence of the probability P?"(ve — ve) = P? (e — 7¢) on the
neutrino energy.

Table 14.4: Sensitivity of different oscillation experiments.

Source Type of v E[MeV] Llkm] min(Am?)[eV?]
Reactor Ve ~1 1 ~ 1073
Reactor Ve ~1 100 ~ 1075
Accelerator Vi Uy ~ 103 1 ~ 1
Accelerator Vi, U ~ 103 1000 ~ 1073
Atmospheric v’s vy e, Upye  ~ 103 104 ~ 1074
Sun Ve ~1 1.5x10% ~ 1071

A given experiment searching for neutrino oscillations is specified, in particular,
by the average energy of the neutrinos being studied, E, and by the source-detector
distance L. The requirement L:‘;k < 27w L determines the minimal value of a generic

neutrino mass squared difference Am?2 > 0, to which the experiment is sensitive (figure
of merit of the experiment): min(Am?) ~ 2E/L. Because of the interference nature of
neutrino oscillations, experiments can probe, in general, rather small values of Am?
(see, e.g., Ref. 168). Values of min(Am?), characterizing qualitatively the sensitivity of
different experiments are given in Table 14.4. They correspond to the reactor experiments
Chooz, Daya Bay, RENO, Double Chooz (L ~ 1 km) and KamLAND (L ~ 100 km),
to accelerator experiments - past (L ~ 1 km), and current (K2K, MINOS, OPERA,
T2K, NOvA [147]) , L ~ (300 + 1000) km), to the Super-Kamiokande, MINOS and
IceCube-DeepCore experiments studying atmospheric neutrino oscillations, and to the
solar neutrino experiments.
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14.8. Matter effects in neutrino oscillations

The presence of matter can change drastically the pattern of neutrino oscillations:
neutrinos can interact with the particles forming the matter. Accordingly, the Hamiltonian
of the neutrino system in matter H,,, differs from the Hamiltonian in vacuum Hy,
H,, = Hy + H;,,;, where H;,; describes the interaction of neutrinos with the particles of
matter. When, for instance, ve and v, propagate in matter, they can scatter (due to Hjp)
on the electrons (e™), protons (p) and neutrons (n) present in matter. The incoherent
elastic and the quasi-elastic scattering, in which the states of the initial particles change
in the process (destroying the coherence between the neutrino states), are not of interest
- they have a negligible effect on the solar neutrino propagation in the Sun and on the
solar, atmospheric and reactor neutrino propagation in the Earth [179]: even in the
center of the Sun, where the matter density is relatively high (~ 150 g/cm3), a Ve with
energy of 1 MeV has a mean free path with respect to the indicated scattering processes
~ 1010 km. We recall that the solar radius is much smaller: Rg = 6.96 x 105 km. The
oscillating ve and v, can scatter also elastically in the forward direction on the e™, p and
n, with the momenta and the spin states of the particles remaining unchanged. In such a
process the coherence of the neutrino states is preserved.

The ve and v, coherent elastic scattering on the particles of

matter generates nontrivial indices of refraction of the v. and v, in matter [26]:
k(ve) # 1, K(vy) # 1. Most importantly, we have k(ve) # k(vy). The difference
k(Ve) — k(1) is determined essentially by the difference of the real parts of the forward
ve —e~ and v, — e elastic scattering amplitudes [26] Re [F, .- (0)] — Re [FVu*e_ (0)]:
due to the flavour symmetry of the neutrino — quark (neutrino — nucleon) neutral current
interaction, the forward ve — p,n and v, — p,n elastic scattering amplitudes are equal
and therefore do not contribute to the difference of interest [180]. The imaginary parts
of the forward scattering amplitudes (responsible, in particular, for decoherence effects)
are proportional to the corresponding total scattering cross-sections and in the case of
interest are negligible in comparison with the real parts. The real parts of the amplitudes
F 0) and F 0) can be calculated in the Standard Model. To leading order in

the Fermi constant G, only the term in F,, (0) due to the diagram with exchange
of a virtual W¥-boson contributes to F, _o—(0)— F e (0). One finds the following
result for k(ve) — k(vy) in the rest frame of the scatters [26,181,182]:

Ve—€ ™ ( V'u—e_ (

2
w(ve) = (v) = 3 (Re [Fy o (0] = Re [F,, o (0)])

1
= — 2—9\/§GFN6 : (14.55)

where N, is the electron number density in matter. Given r(ve) — k(v,), the system of
evolution equations describing the v, < v, oscillations in matter reads [26]:

aien) -0 @) () we
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where A¢(t,t0) (Au(t,to)) is the amplitude of the probability to find ve (v,) at time ¢ of
the evolution of the system if at time ¢o < ¢ the neutrino v, or v, has been produced and

1 . Am? Am?
e(t):§ [ 5E c0s20 — V2G pNe(t)], € = 1B sin 26. (14.57)

The term /2G pNe(t) in €(t) accounts for the effects of matter on neutrino oscillations.
The system of evolution equations describing the oscillations of antineutrinos e < v,
in matter has exactly the same form except for the matter term in €(¢) which changes
sign. The effect of matter in neutrino oscillations under discussion is usually called the
Mikheyev, Smirnov, Wolfenstein (or MSW) effect.

Consider first the case of ve < v, oscillations in matter with constant density:
Ne(t) = Ne = const. Due to the interaction term Hj,; in Hy,, the eigenstates of the
Hamiltonian of the neutrino system in vacuum, |vq2) are not eigenstates of Hp,. For
the eigenstates |1]"y) of Hy,, which diagonalize the evolution matrix in the r.h.s. of the
system Eq. (14.56) we have:

Ve) = |11") cos b + |Vy") sinbp, ,  |vy) = —|v]") sinbp, + [15") cos O, (14.58)

Here 6, is the neutrino mixing angle in matter [26],

tan 20 1— N,/Nres
$in 26,, = an €08 20 = e/Ne , (14.59)
\/(1 — D)2+ tan2 26 \/(1 — Ne)2 4 tan2 20
where the quantity
Am? cos 20 Am?2[eV?]
NTes = —— "2 >~ 6,56 x 105 —————— cos20cm > Ny, 14.60
¢ 2EV2G E[MeV] A (14.60)

is called (for Am? cos 26 > 0) “resonance density” [27,181], N being Avogadro’s number.
The “adiabatic” states |V{7:L2) have energies E{% whose difference is given by

1
N, 2 AM?

((I—NT28)2008229+sin220> == (14.61)
e

Am?
2F

By — B =

The probability of Vu(e) — Ve(y) transition in matter with Ne = const. has the
form [26,181]

) 1. L
P (Vo) = Ve(w)) = [ Ae(uy ) = 5 sin 20,, [1 — cos 2m7— |

m

L =2n/(Ey* — EM), (14.62)

where Ly, is the oscillation length in matter. As Eq. (14.59) indicates, the dependence
of sin%26,, on N, has a resonance character [27]. Indeed, if Am? cos 260 > 0, for any
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sin? 20 # 0 there exists a value of N given by N7¢, such that when N, = N7® we have
sin? 26,,, = 1 independently of the value of sin®26 < 1. This implies that the presence of
matter can lead to a strong enhancement of the oscillation probability P2 (v L(e) = Ve( ﬂ))
even when the v,y — v, oscillations in vacuum are suppressed due to a small value of

sin 26. For obvious reasons

Am? cos 20

is called the “resonance condition” [27,181], while the energy at which Eq. (14.63)
holds for given N, and Am?2cos20, is referred to as the “resonance energy”, ET€.
The oscillation length at resonance is given by [27] LI$® = LV/sin260, while the

width in N, of the resonance at half height reads AN[®® = 2N[®°tan26. Thus,

if the mixing angle in vacuum is small, the resonance is narrow, ANI® < NI,

and L;%% > LY. The energy dlfference % Em has a minimum at the resonance:
(Ey* — ET")"®% = min (E* — ET") = /(2E)) sin 26.

It is instructive to consider two limltmg cases. If Ne < NI, we have from Eq. (14.59)
and Eq. (14.61), 0, = 0, Ly, = LV and neutrinos oscillate practically as in vacuum. In
the limit N > N7€, N7 tan® 26, one finds 6,, = 7/2 ( cos 20,, = —1) and the presence
of matter suppress the v, < v, oscillations. In this case |ve) = |v5), |vu) = —|v]"), i.e.,
Ve practically coincides with the heavier matter-eigenstate, while v, coincides with the
lighter one.

Since the neutral current weak interaction of neutrinos in the Standard Model is
flavour symmetric, the formulae and results we have obtained are valid for the case of
Ve — vy mixing and ve < v; oscillations in matter as well. The case of v, — v+ mixing,
however, is different: to a relatively good precision we have [183] x(v,) = k(vr) and the
vy < vr oscillations in the matter of the Earth and the Sun proceed practically as in
vacuum [184].

The analogs of Eq. (14.59) to Eq. (14.62) for oscillations of antineutrinos, 7, < Ve, in
matter can formally be obtained by replacing Ne with (—N¢) in the indicated equations.
It should be clear that depending on the sign of Am?2 cos 26, the presence of matter can
lead to resonance enhancement either of the v, < ve or of the 7, < 7, oscillations, but
not of both types of oscillations [181]. For Am?cos26 < 0, for instance, the matter
can only suppress the Viu(e) = Ve(u) oscillations, while it can enhance the Vule) = Ve(u)
transitions. The dependence of the effects of matter in v, — v, and v, — 7, oscillations
on sgn(Am?cos26) is at basis of the plans to determine the sign of Am§1(32)7 and

thus the type of spectrum neutrino masses obey - with normal or inverted ordering
- in long baseline neutrino oscillation experiments (NOvA, DUNE,T2HKK) and in
atmospheric neutrino experiments with large volume detectors (PINGU, ORCA, INO,
Hyper-Kamiokande, DUNE).

The discussed disparity between the behavior of neutrinos and that of antineutrinos
is a consequence of the fact that the matter in the Sun or in the Earth we are
interested in is not charge-symmetric (it contains e~, p and n, but does not contain
their antiparticles) and therefore the oscillations in matter are neither CP- nor CPT-
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invariant [65]. Thus, even in the case of 2-neutrino mixing and oscillations we have, e.g.,
PR (v — ve) # PR vy — ve) and P (ve — Vy(r)) # Py (Ve — Uy(r))-

The vy < ve (U < Ve) and ve < vy (Ve < V(7)) oscillations in matter will be
invariant with respect to the operation of time reversal if the N, distribution along the
neutrino path is symmetric with respect to this operation [63,185]. The latter condition
is fulfilled (to a good approximation) for the N, distribution along a path of a neutrino
crossing the Earth [186].

14.8.1. Effects of Earth matter on oscillations of neutrinos. Analytic expres-
stons for oscillation probabilities :

The formalism we have developed can be applied, e.g., to the study of matter effects
in the ve < v, (r) (V) < Ve) and Ve < Vyr) (V) < Ve) oscillations of neutrinos
which traverse the Earth [187]. Indeed, the Earth density distribution in the existing
Earth models [186] is assumed to be spherically symmetric and there are two major
density structures - the core and the mantle, and a certain number of substructures
(shells or layers). The Earth radius is Rg = 6371 km; the Earth core has a radius of
R, = 3486 km, so the Earth mantle depth is 2885 km. For a spherically symmetric
Earth density distribution, the neutrino trajectory in the Earth is specified by the value
of the nadir angle #,, of the trajectory. For #, < 33.17°, or path lengths L > 10660
km, neutrinos cross the Earth core. The path length for neutrinos which cross only
the Earth mantle is given by L = 2Rg cosf,. If neutrinos cross the Earth core, the
lengths of the paths in the mantle, 2L™?" and in the core, L', are determined by:
LM% — R cos @y, — (R2 — Ré sin? 6,,) %, Leore = 2(R2 — Ré sin? 6, 3. The mean electron
number densities in the mantle and in the core according to the PREM model read [186]:
Nmen =99 cm™3 Np, NS = 54 cm™3 Np. Thus, we have NS = 2.5 N7", The
change of N, from the mantle to the core can well be approximated by a step
function [186]. The electron number density N, changes relatively little around the
indicated mean values along the trajectories of neutrinos which cross a substantial part
of the Earth mantle, or the mantle and the core, and the two-layer constant density
approximation, N = const. = N/ N¢ = const. = NS, N and NS being the
mean densities along the given neutrino path in the FEarth, was shown to be sufficiently
accurate in what concerns the calculation of neutrino oscillation probabilities [63,189,190]
(and references quoted in [189,190]) in a large number of specific cases. This is related
to the fact that the relatively small changes of density along the path of the neutrinos in
the mantle (or in the core) take place over path lengths which are typically considerably
smaller than the corresponding oscillation length in matter.

In the case of 3-neutrino mixing and for neutrino energies of F 22 GeV, the
effects due to Am3, (JAm3;| < |Am§1(23)|, see Table 14.1) in the neutrino oscillation

probabilities are sub-dominant and to leading order can be neglected: the corresponding
resonance density |N!57|<0.25 em™3 Ny < N and the Earth matter strongly

e
suppresses the oscillations due to Am%l. For oscillations in vacuum this approximation
is valid in the case of NO (IO) neutrino mass spectrum (see Section 2) as long as the

leading order contribution due to Am?,}1 (23) in the relevant probabilities is bigger than

approximately 1073, In this case the 3-neutrino v, — Vyu(r) (Ve — DM(T)) and Vy(r) = Ve
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(DM(T) — U, ) transition probabilities for neutrinos traversing the Earth, reduce effectively
to a 2-neutrino transition probability (see, e.g., Refs. [190-192]) , with Amgl(%) and
013 playing the role of the relevant 2-neutrino vacuum oscillation parameters. We note
that in the approximation of negligible Am%l we have Am%l = Am%Q. Therefore in what
follows in this part of the article we will use, whenever relevant, only Am?ﬂ in the analytic
expressions.

As we have discussed in Sections 14.2 and will be discussed in greater detail in
Section 14.12, the value of sin® 2613 has been determined with a rather high precision
in the Daya Bay [44] and RENO [45] experiments. The best fit values found in the two
experiments read, respectively, sin? 2013 = 0.0841 [44] and 0.086 [45]. The 3-neutrino
oscillation probabilities of the atmospheric and accelerator ve , having energy E 22 GeV
and crossing the Earth along a trajectory characterized by a nadir angle #,,, for instance,
have the following form in the approximation of negligible Am%l:

PY¥(ve — ve) 21— P¥, (14.64)

3v ~ p3V ~ 2 2v 3v ~ 2 2v
Pm<V6_>V,u)—Pm(V,u_>V6)—S23 va Pm(V6_>VT)_623 va (14'65)
PV (v, — v,) 21— s33 P2 —2c3353; |1 — Re (e7F A2V (W — V)|, (14.66)
P (v, —vr) =1— P (v, — v,) — P (v, — ve). (14.67)

Here P2V = P%”(Am%l,Glg;E,Gn) is the probability of the 2-neutrino v, — V' =
(s23vy + cogvr) oscillations in the Earth, and ~ and A?n’/(yl — )= A?g are known phase
and 2-neutrino transition probability amplitude (see, e.g., Refs. [190,191]). We note
that Eq. (14.64) to Eq. (14.66) are based only on the assumptions that |N!57| is much
smaller than the densities in the Earth mantle and core and that |Am3;| < |Am§1(23)\,

and does not rely on the constant density approximation. Similar results are valid
for the corresponding antineutrino oscillation probabilities: one has just to replace
P%”, k and A?g in the expressions given above with the corresponding quantities for
antineutrinos (the latter are obtained from those for neutrinos by changing the sign
in front of Ng). Obviously, we have: P(Ve(u) — Vu(e))»P(De(u) — Du(e)) < sin? 093,
and P(ve — vy), P(De — 77) < cos®fa3. The one Am? dominance approximation
and correspondingly Eq. (14.64) to Eq. (14.67) were used by the Super-Kamiokande
Collaboration in their 2006 neutrino oscillation analysis of the multi-GeV atmospheric
neutrino data [193].

In the case of neutrinos crossing only the Earth mantle and in the constant density
approximation, P2” is given by the r.h.s. of Eq. (14.62) with #, Am? and N, replaced
respectively by 613, Am%l and N (or Ng”an corresponding to the given 6,) in the
relevant expressions Eq. (14.59), Eq. (14.60) and Eq. (14.61) for sin26,,, N.® and
(E — E™), while for k and A2/ we have (see, e.g., Ref. 190):

1.Am3, . AMZ L
> = L+ V2GpN"*" L — — 312
K 2[ 5 +V2GEN! 5E ],
AMZ,L
A% =14 (7 2B — 1) cos? O | (14.68)
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where AM2, and 7% can be obtained from Eq. (14.61) and Eq. (14.59) by setting = 613,
Am? = Am3, > 0, NI¢ = NI = Am3, cos2013/(2EV2GE) and Ne = NI(0,,).
Clearly, 075 is the mixing angle in the mantle which coincides in vacuum with 613. In the
expressions for P%’/ = P,%V(Amgl, 013; E, Oy, NI"9) |k and A?n’/ in the case of oscillations
in the mantle, L = 2Rg cos @), is the distance the neutrino travels in the mantle. The
corresponding expressions for antineutrino oscillations, as we have noticed earlier, can be
obtained from those derived above by making the change N4 — — NInan,

The analytic results for P%’/ (Am%l, 013; E, Oy, NI9™) | 1 and A?n’/ , described above and
obtained in the constant mantle density approximation, as we have already remarked,
provide a relatively precise description of the v, o) — V), Ve — Ve(r), etc. oscillation
probabilities in the Earth mantle if for each given trajectory of the neutrinos in the
mantle, specified by the nadir angle 6,,, in the calculations one uses for N4 the mean
value of the electron number density along that specific trajectory: NI4" = Nya"(en),
where Ng@a”(en) should be calculated using the density distribution given by the existing
Earth models [186].

It follows from Eq. (14.64) and Eq. (14.65) that for AmZ; cos2613 > 0, the
oscillation effects of interest, e.g., in the ve(,) — v, and ve — v transitions will
be maximal if P2 = 1, i.e., if Eq. (14.63) leading to sin®26,, = 1 is fulfilled, and ii)
cos(AM?L/(2E)) = —1. Given the value of N the first condition determines the
neutrino’s energy, while the second determines the path length L, for which one can have
P%V =~ 1. For Am%l ~25x 1073 eV2, sin? 26013 = 0.090 and Nman o~ 9 9 Nacm ™3, one
finds that Epes =2 7.1 GeV and L = 3522/sin26013km = 11740 km. Since for neutrinos
crossing only the mantle L <10660 km, the second condition can be satisfied only if
sin? 2613 > 0.11, which lies outside the 30 range of the experimentally allowed values of
sin? 2013. We still get a significant amplification of the probability P2, and therefore of
P(We(u) = Vy(e)) and P(ve — v7), even when cos(AM?L/(2E)) = —0.5(—0.2): in this
case P2V = 0.75 (0.60). For sin® 26013 2 0.090 we have cos(AM?2L/(2E)) = —0.5(—0.2) if
L = 7826 (6622) km. Thus, for Am3; > 0, the Earth matter effects can amplify P2,
and therefore P(v,(,) — v,(e)) and P(ve — vr), significantly when the neutrinos cross
only the mantle, for £ ~ 7 GeV and sufficiently large path lengths L.

If Am%l < 0 the same considerations apply for the corresponding antineutrino
oscillation probabilities Pﬁ%” = P%’/ (Ue — (82374 + c2377)) and correspondingly for
P(ﬂe(#) — ﬂu(e)) and P(ve — vr). For Am%l > 0, the 176(”) — ﬂu(e) and v, — U7
oscillations are suppressed by the Earth matter, while if Am%l < 0, the same conclusion
holds for the vg(,) — v, ) and ve — vz, oscillations. The dependence on sgn(Am%l)
of the effects of Earth matter - enhancement or suppression - on the v,(,) — v, and
Ve(u) = Vu(e) oscillations taking place when the neutrinos traverse the Earth mantle,
will be exploited in the current and planned long baseline and atmospheric neutrino

oscillation experiments aiming, in particular, to determine the neutrino mass ordering
(NOvA, PINGU, ORCA, Hyper-Kamiokande, DUNE, INO).

The discussed features of the Earth matter effects in the v,y — ve(,) and v,¢) = De(p)
oscillation probabilities for neutrinos with a path length in the Earth mantle of 7330 km
and for Amgl > 0, sin% 26013 = 0.10 and sin® 2093 = 1 are illustrated in Fig. 14.7 (taken
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from Ref. 194). The amplification of the v, e(u

Earth matter effect in the region of the resonance value of E/ Am?ﬂ and the suppression

) = Ve(u) oscillation probability due to the

of the ),y — V() oscillation probability in the same region are clearly seen in the
figure.
050 —— :
neutrinos
——— vacuum
0.40 ¢ antineutrinos -
L=7330km
.2
sin (26,,)=1.
~ 0.30 sin®(20,.)=.1 |
1
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o
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Figure 14.7: The vg(,) — vy(e) and Ug(,) — V() oscillation probabilities given
in Eq. (14.65), P(ve — v,) = P(vy, — ve) (black solid line) and P(ve — 1) =
P(7, — ve) (blue solid line), as functions of E/Am? for Am? = Am3, > 0,
sin? 26013 = 0.10 and sin® 26053 = 1. The figure is obtained for neutrinos crossing
the Earth mantle along a path with length of L = 7330 km. The corresponding
vacuum oscillation probability PU*(ve(,) — Vy(e)) = P (Ue(u) = Vy(e)) is also
shown (red dashed line). For Am? = Am%l < 0, the black and blue solid lines will
correspond respectively to the probabilities P(Ug(,) — Vyye)) and P(Ve(,) — Vy(e))
(from Ref. 194).

In the case of neutrinos crossing the Earth core, new resonance-like effects become
possible in the v, — ve and ve — vy (or Uy — Ve and Ve — Uy(;)) transitions
[189-191,195-197]. For Am3; > 0 and certain values of sin? #13 < 0.05 we can have [196]
P2¥(Am3,,013) = 1, and correspondingly maximal P35 (ve — vy,) = P (v, — ve) = 833,
only due to the effect of maximal constructive interference between the amplitudes of
the v, — 1/ transitions in the Earth mantle and in the Earth core. The effect differs
from the MSW one and the enhancement happens in the case of interest at a value
of the energy between the MSW resonance energies corresponding to the density in
the mantle and that of the core, or at a value of the resonance density N/® which
lies between the values of N, in the mantle and in the core [189]. In Refs. [189,190]
the enhancement was called “neutrino oscillation length resonance (NOLR)”, while in
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Refs. [191,195] the term “parametric resonance” for the same effect was used [198].
The mantle-core enhancement effect (or NOLR) is caused by the existence (for a given
neutrino trajectory through the Earth core) of points of resonance-like maximal neutrino
conversion, P2V (Am31,013) = 1, in the corresponding space of neutrino oscillation
parameters [196] For Am31 < 0 the mantle-core enhancement can take place for the
antineutrino transitions, v, — Ve and Ve — v 1(r)- For neutrinos crossing the Earth core,

analytic expressions for P%”(Am%l, 013) and k, A%Y were derived in the two-layer constant
density approximation for the Earth density distribution in [189] and [190], respectively.

A rather complete set of values of Am31 /E > 0 and sin 29013 for which
P2V (Am31,913) 1 was found in Ref. 196. In the two-layer constant density ap-
proximation, the values of Am31/E > 0 and sin® 2603 at which Pz”(Amgl, 013) = 1 can
be derived as solutions of the following system of equations [196]:

COS2 CO’I"B
fan gMAN — i\/ T > g (14.69)

cos 2 m“”

\/— cos(26537°) cos(2 gre — 470m)

tan ¢COI‘€ — :l:

: (14.70)

where the signs in the two equations are correlated, 2¢™" = (E3* — EJ*)menLman,
2¢°°T¢ = (E§* — ETV)oreLeore, 2L™ and L"° are the neutrino path lengths in the
Earth mantle and the core, and 673" and 0{3"¢ are the values of the angle 613 in
the mantle and in the core. The expressions for (E5* — ET")™" ((E§* — ET")°") and
154" (0957¢) can be obtained respectively from Eq. (14.61) and Eq. (14.59) by setting
0 = 013, Am? = Am3,, NI = N'§3 = Am3, cos2613/(2EV2G ) and N = N (6,,)
(Ne = NS€(6,,)).

The location of the points where P2¥(Am3;,013) = 1 in the Am3, /E — sin? 20,5 plane
determines the regions in the plane where P23 (Am2,, 613) is large, PQV(Am31, 013) = 0.5.
These regions vary slowly with the nadir angle, being remarkably wide in the nadir
angle and rather wide in the neutrino energy [196], so that the transitions of interest
can produce noticeable effects in the measured observables. For sin? 63 <0.05, there
are two sets of values of ( 29'1/E sin? §13) for which PQ’/(Amgl,@lg) 1, and thus
two regions in Amgl/E — sin“ 2613 plane where P2”(Am31,913) >0.5. For Am31 =
2.5 x 1073 eV? and nadir angle e.g., 0,=0 (Earth center crossing neutrinos), we have
P2V(Am3,,013) = 1 at (E,sin?2613) =(3.4 GeV,0.034) and (5.2 GeV,0.15). At the same
tlme for £ =3.4 GeV (5.2 Gev), the probability PQ’/(Am31,913) > 0.5 for the values of
sin? 2013 from the interval 0.02 < sin? 2613 <0.10 (0.04 < sin? 2013 <0.26). Similar results
hold for neutrinos crossing the Earth core along the traJectorles with 6, # 0 (for further
details see the last article in Ref. 196; see also the last article in Ref. 197).

The mantle-core enhancement of P2V (or P2Y) is relevant, in particular, for the
searches of sub-dominant v, g) Yu(e) (or I/e('u) — I/‘u(e)) oscillations of atmospheric
neutrinos having energies £ 2>2 GeV and crossing the Earth core on the way to the
detector (see Ref. 189 to Ref. 197 and the references quoted therein).
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The effects of Earth matter on the oscillations of atmospheric and accelerator
neutrinos have not been observed so far. At present there are no compelling evidences for
oscillations of the atmospheric v, and/or ve.

In the case of oscillations of atmospheric neutrinos in the Earth one has to take into
account also the following considerations. The fluxes of atmospheric e, of energy FE,
which reach the detector after crossing the Earth along a given trajectory specified by
the value of O, ®,, ,(E,0p), are given by the following expressions in the case of the
3-neutrino oscillations under discussion [190,191]:

Dy (B, 0n) = @), (1+[s30 — 1] PZ) (14.71)

Dy (B, 00) = @5, (14 sl(s35 1)~ = 1P — 23353 [1 - Re (7™ A (v — vr))]) |

(14.72)
where Cbge W= @,96 w (E,0n) is the v, flux in the absence of neutrino oscillations and
o0 (E,0p)
r=r(E,0,) = ———— 14.73
( n) @96 (E, en) ( )

It follows from the global analyses of the neutrino oscillation data that the neutrino
mixing parameter s35 lies (at 3¢ CL) in the interval (0.38 - 0.64). For NO (IO) neutrino
mass spectrum, the two groups which performed the most recent global analyses, obtained
the following best values of s35: 0.425 (0.589) [58] and 0.441 (0.587) [59]. For the
predicted ratio r(E, 6,) of the atmospheric v, and v, fluxes for i) the Earth core crossing
and ii) only mantle crossing neutrinos, having trajectories for which 0.3 < cosf,, < 1.0,
one has [199] r(E,0,) = (2.6 +~ 4.5) for neutrinos giving the main contribution to
the multi-GeV samples, F = (2 = 10) GeV. Thus, for s3; = 0.5 (0.64) one finds for
the multi-GeV neutrinos: s34[1 — (s35 7(E,0,))"1] = 0.06 — 0.14 (0.16 — 0.27) and
(523 r(E,0,) —1) 2 0.3 — 1.3 (0.66 — 1.9). Thus, the impact of the possible enhancement
of P%’/ =~ 1 would be largest for the flux of multi-GeV ve, &, (E,6,), traversing the
Earth. As the preceding discussion suggests and detailed calculations show (see the first
two articles quoted in Ref. 197), the sensitivity of the atmospheric neutrino experiments
to the neutrino mass ordering depends strongly on the chosen value of sin? a3 from its
30 allowed range: it is maximal (minimal) for the maximal (minimal) allowed value of
Sin2 923.

For water Cerenkov detectors, the charged current (CC) v; — N interaction cross section
for multi-GeV neutrinos is approximately by a factor of 2 bigger than the vy — N CC
interaction cross section. Since these detectors do not distinguish between the neutrino
and anti-neutrino induced CC events, determining that the neutrino mass spectrum is
with inverted ordering would require roughly by a factor of 2 longer period of data
acquisition than if the spectrum were with normal ordering.

The effects under discussion are larger, in general, for the multi-GeV neutrinos than for
the sub-GeV neutrinos having energies £ 2 (0.1 — 1.0) GeV. Indeed, for the sub-GeV ve
flux one finds in the limit of negligible 613 [201]: &, (F,0,) = @,96(1 + [c33r — 1]PZV),
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where P2V = P (Am%l,Glg;E,Qn) is the probability of the 2-neutrino oscillations

in the Earth due to Am%l and 2-neutrino mixing with angle 615. For the neutrinos

giving contribution to the sub-GeV samples of Super-Kamiokande events one has [199]
r(B,0,) = 2.0. If s33 = 0.5 and r(F,0,) = 2.0, we get (c33 7(E,0,) — 1) = 0, and

the possible effects of the v, — v and ve — Vy(r) transitions on the v, flux, and

correspondingly in the sub-GeV e—like samples of events, would be rather strongly

suppressed independently of the values of the corresponding transition probabilities.

The same conclusions are valid for the effects of oscillations on the fluxes of, and
event rates due to, atmospheric antineutrinos 7, and 7,,. The formulae for anti-neutrino

fluxes and oscillation probabilities are analogous to those for neutrinos (see, e.g.,
Refs. [190,191,197,201]) .

The expression for the probability of the v, — v, oscillations taking place in the Earth
mantle in the case of 3-neutrino mixing, in which both neutrino mass squared differences
Am%l and Am%l contribute and the CP violation effects due to the Dirac phase in the
neutrino mixing matrix are taken into account, has the following form in the constant
density approximation and keeping terms up to second order in the two small parameters
la| = |Am3,|/|Am3;| < 1 and sin? §13 < 1 [202]:

PS{’ man(”u_’Vfi) = Py + Bsing + Peoss + Ps- (14'74)
Here
, sin? 2013 |
Py = sin® 03 ﬁ sin?[(A — 1)A]
2 2 sin2 2912 . 9
P3 = o cos” O3 ——z sin (AA), (14.75)
Pavs = —a 2P (6in A) (sin AA) (sin[(1 — A)A]) (14.76)
sind — A(]_ - A) ’ .
8 Jop cotd : .
Poss = a ﬁ (cos A) (sin AA) (sin[(1 — A)A]) , (14.77)
where ) )
Ams, Am3, L 2F
= = ——=— A=V2GpN""" —— 14.78
« Am?ﬂ ) AR ) f FiVe Am?ﬂ ) ( )

cotd = JCT]lDRe(ngUgg)Uer;Q) x cosd, and we recall that Jop = Im(UM3U6"3U62U;2).
The analytic expression for P23V Man(y, — ve) given above is valid for [202] neutrino
path lengths in the mantle (L < 10660 km) satisfying L <10560 km E[GeV] (7.6 x
107° eV2/Am3,), and energies F >0.34 GeV(Am3,/7.6x107° eV?) (1.4 ecm 3Ny /NMan
The expression for the 7, — 7 oscillation probability can be obtained formally from
that for P,?,’%V man(y, — ve) by making the changes A — —A and Jop — —Jeop,
with Jopcotd = Re(Uu3UlUeaU ;2) remaining unchanged. The term Pj,s in

p3v-man(y, — y.) would be equal to zero if the Dirac phase in the neutrino
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mixing matrix U possesses a CP-conserving value. Even in this case, however, we have

Agllﬁ) man: — (P%’/ Mt (y, — ve) — PS{LV man(p, — ve)) # 0 due to the effects of the

Earth matter. It will be important to experimentally disentangle the effects of the Earth
matter and of Jop in A(g}lﬁ) "4 this will allow to get information about the Dirac CP
violation phase in U. This can be done, in principle, by studying the energy dependence

of PV ™M (y, — y.) and P3Y ™%(p, — D). Since the sign of Am§1(32) determines

for given L whether the probability P3Y ™% (v, — v.) or P2V ™ (7, — D), as a

function of energy, can be resonantly enhanced or suppressed by the matter effects, the
study of the energy dependence of P3¥ ™% (v, — v,) and/or of P2 ™" (p, — p,) can
provide also information on sgn(ATrL?,)1 (32)). In the vacuum limit of N**" =0 (A = 0)

(ew) man

we have Anp = A(Cf]’i) (see Eq. (14.42)) and only the term P, s contributes to the
asymmetry A(Cf]’i).

The preceding remarks apply also to the probabilities P3¥ ™ (y, — v,) and
p3v man(g, — p,)). The probability P3¥ ™ (v, — v,), for example, can formally be
obtained from the expression for the probability P;:’%V Man(y, — ve) by changing the sign
of the term Py, 5.

The expression for the probability P3¥ ™% (1, — v.) given in Eq. (14.74) and the
corresponding expression for P3Y Man(p,, — Ue) can be used for the interpretation of

the data of the past, current, and future planned long baseline oscillation experiments
MINOS/MINOS+, T2K, NOvA, DUNE [93] and T2HK [94].

14.8.2. Oscillations (flavour conversion) of solar neutrinos :

14.8.2.1. Qualitative analysis:

Consider next the oscillations of solar v, while they propagate from the central part
of the Sun, where they are produced, to the surface of the Sun [27,188] (see also
Ref. 26 and, e.g., Ref. 203) Details concerning the production, spectrum, magnitude and
particularities of the solar neutrino flux were discussed in Section 14.6, while the methods
of detection of solar neutrinos, description of solar neutrino experiments and of the data
they provided will be discussed in the next section (see also Ref. 204). The electron
number density N changes considerably along the neutrino path in the Sun: it decreases
monotonically from the value of ~ 100 ecm™3 N4 in the center of the Sun to 0 at the
surface of the Sun. According to the contemporary solar models (see, e.g., Ref. 204) N,
decreases approximately exponentially in the radial direction towards the surface of the
Sun:

t—1t

Ne(t) = Ne(tg) exp {— . 0} , (14.79)
0

where (t — tg) = d is the distance traveled by the neutrino in the Sun, N(fg) is the

electron number density at the point of v, production in the Sun, rg is the scale-height of

the change of N¢(t) and one has [204] rg ~ 0.1Rq

Consider the case of 2-neutrino mixing, Eq. (14.58). Obviously, if N, changes with ¢
(or equivalently with the distance) along the neutrino trajectory, the matter-eigenstates,
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their energies, the mixing angle and the oscillation length in matter, become, through
their dependence on Ne, also functions of t: [11) = [1]%(1)), ETY = ET%(t), Om = O0m(1)
and Ly, = Ly (t). It is not difficult to understand qualitatively the possible behavior
of the neutrino system when solar neutrinos propagate from the center to the surface
of the Sun if one realizes that one is dealing effectively with a two-level system whose
Hamiltonian depends on time and admits “jumps” from one level to the other [205]( see
Eq. (14.56)). Consider the case of Am? cos260 > 0. Let us assume first for simplicity that
the electron number density at the point of a solar v production in the Sun is much
bigger than the resonance density, Ne(tg) > NZ¢. Actually, this is one of the cases
relevant to the solar neutrinos. In this case we have 6,,(tg) = 7/2 and the state of the
electron neutrino in the initial moment of the evolution of the system practically coincides
with the heavier of the two matter-eigenstates:

ve) = |v3"(to))- (14.80)

Thus, at tg the neutrino system is in a state corresponding to the “level” with energy
EZ'(tp). When neutrinos propagate to the surface of the Sun they cross a layer of
matter in which N, = N.¢®: in this layer the difference between the energies of the two
“levels” (E5'(t) — E7*(t)) has a minimal value on the neutrino trajectory (Eq. (14.61) and
Eq. (14.63)). Correspondingly, the evolution of the neutrino system can proceed basically
in two ways. First, the system can stay on the “level” with energy E§'(t), i.e., can
continue to be in the state [v5*(t)) up to the final moment ts, when the neutrino reaches
the surface of the Sun. At the surface of the Sun N¢(ts) = 0 and therefore 0,,(ts) = 0,
(175 (ts)) = [v1,2) and ET%(ts) = E1,2. Thus, in this case the state describing the neutrino
system at tg will evolve continuously into the state |v2) at the surface of the Sun. Using
Eq. (14.53) with | = e and x = p, it is easy to obtain the probabilities to find ve and v,
at the surface of the Sun:

(Ve|1o)|? = sin? 0
<I/M|V2>| = cos2 6. (14.81)

P(ve — ve;ts, to)

~ ‘

o)

P(Ve - Vu;t&tO)

It is clear that under the assumption made and if sin? @ < 1, practically a total v, — vy
conversion is possible. This type of evolution of the neutrino system and the ve — v,
transitions taking place during the evolution, are called [27] “adiabatic.” They are
characterized by the fact that the probability of the “jump” from the upper “level”
(having energy E5*(t)) to the lower “level” (with energy E7"(t)), P, or equivalently the
probability of the 14 D' (to) — v]*(ts) transition, P’ = P'(v5*(tg) — v]*(ts)), on the whole
neutrino trajectory is negligible:

P' =P (5 (tg) — v]"(ts)) =0 : adiabatic transitions. (14.82)

The second possibility is realized if in the resonance region, where the two “levels”
approach each other most, the system “jumps” from the upper “level” to the lower “level”
and after that continues to be in the state |v{*(t)) until the neutrino reaches the surface
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of the Sun. Evidently, now we have P’ = P'(v]"(tg) — v{"(ts)) ~ 1. In this case the
neutrino system ends up in the state []"(ts)) = |v1) at the surface of the Sun and

P(ve — ve;ts, tg) = |(ve|v1)|? = cos? 0

|
P(ve — vysits, to) =2 [(vulvn)|? = sin 6. (14.83)

Obviously, if sin? § < 1, practically no transitions of the solar v, into vy, will occur. The
considered regime of evolution of the neutrino system and the corresponding ve — v,
transitions are usually referred to as “extremely nonadiabatic.”

Clearly, the value of the “jump” probability P’ plays a crucial role in the the v, — v,
transitions: it fixes the type of the transition and determines to a large extent the
Ve — vy, transition probability [188,206,207]. We have considered above two limiting
cases. Obviously, there exists a whole spectrum of possibilities since P’ can have any
value from 0 to cos? 6 [208,209]. In general, the transitions are called “nonadiabatic” if
P’ is non-negligible.

Numerical studies have shown [27] that solar neutrinos can undergo both adiabatic and
nonadiabatic ve — v, transitions in the Sun and the matter effects can be substantial in
the solar neutrino oscillations for 1078 eVZ2 < Am2 <107* eV?2, 1074 < sin? 26 < 1.0.

The condition of adiabaticity of the solar v, transitions in Sun can be written
as [188,206]

(Ne®)? . 2
= rxe /o -
¥(t) = V2GR AT (14 tan220,(0)% >1

adiabatic transitions, (14.84)

[\S/[eV)

while if v(t) <1 the transitions are nonadiabatic (see also Ref. 209), where Ne(t) =

%Ne(t). Condition in Eq. (14.84) implies that the ve — v, transitions in the Sun will
be adiabatic if Ne(t) changes sufficiently slowly along the neutrino path. In order for the
transitions to be adiabatic, condition in Eq. (14.84) has to be fulfilled at any point of the

neutrino’s path in the Sun.

14.8.2.2. The solar ve survival probability:

The system of evolution equations Eq. (14.56) can be solved exactly for N, changing
exponentially, Eq. (14.79), along the neutrino path in the Sun [208,210]. More
specifically, the system in Eq. (14.56) is equivalent to one second order differential
equation (with appropriate initial conditions). The latter can be shown [211] to coincide
in form, in the case of N, given by Eq. (14.79), with the Schroedinger equation for the
radial part of the nonrelativistic wave function of the Hydrogen atom [212]. On the basis
of the exact solution, which is expressed in terms of confluent hypergeometric functions,
it was possible to derive a complete, simple and very accurate analytic description of the
matter-enhanced transitions of solar neutrinos in the Sun for any values of Am? and
0 [26,208,209,213,214] (see also Refs. [27,188,207,215,216]) .
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The probability that a v, produced at time tg in the central part of the Sun, will not
transform into v,(;) on its way to the surface of the Sun (reached at time t) is given by

P(%V(I/e — Ve ts, tg) = ]5(%’/(1/@ — Ve ts, to) + Oscillating terms. (14.85)
Here | X
P%U(Ve — Veits, t0) = Po = 3 - (5 — P/) cos 20, (tg) cos 20 , (14.86)

is the average survival probability for v. having energy E = p [207], where

2 2
exp | —27rg AQ% sin? 9] — exp [—27rr0 Az—%}
1 —exp [—QWrO%—%Z]

/

P =

(14.87)

is [208] the “jump” probability for exponentially varying N, and 6,,(tg) is the
mixing angle in matter at the point of ve production [215]. The expression for
p%”(ye — Ve;ts, tg) with P’ given by Eq. (14.87) is valid for Am? > 0, but for both signs
of cos260 # 0 [208]( see also Ref. [216]) ; it is valid for any given value of the distance
along the neutrino trajectory and does not take into account the finite dimensions of the
region of v, production in the Sun. This can be done by integrating over the different
neutrino paths, i.e., over the region of v, production.

The oscillating terms in the probability P(%’/ (Ve — Ve;ts, tg) [213,211] were shown [214]
to be strongly suppressed for Am?>10"7 eV? by the various averagings one has
to perform when analyzing the solar neutrino data. The current solar neutrino and
KamLAND data suggest that Am?2 = 7.4 x 107° eV2. For Am?>10"7 eV?, the
averaging over the region of neutrino production in the Sun etc. renders negligible all
interference terms which appear in the probability of v, survival due to the v, < Vou(r)
oscillations in vacuum taking place on the way of the neutrinos from the surface of the
Sun to the surface of the Earth. Thus, the probability that v, will remain v, while it
travels from the central part of the Sun to the surface of the Earth is effectively equal
to the probability of survival of the v, while it propagates from the central part to the
surface of the Sun and is given by the average probability Pg(ve — ve;ts, tg) (determined
by Eq. (14.86) and Eq. (14.87)). For this reason the solar ve transition into v, is
sometimes referred to as “solar neutrino flavour conversion”.

~Y

If the solar v, transitions are adiabatic (P’ = 0) and cos20.,(tg) = —1 (i.e.,
Ne(tog)/|NI€*| > 1,|tan 26|, the v, are born “above” (in N) the resonance region), one
has [27]

_ 1 1

P (ve — vests, to) 5 g cos 26. (14.88)
The regime under discussion is realized for sin®20 2 0.84 (suggested by the data,
Sections 14.2 and 14.9.1), if E/Am? lies approximately in the range (2 x 10 — 3 x
107) MeV/eV? (see Ref. 209). This result is relevant for the interpretation of the
Super-Kamiokande and SNO solar neutrino data. We see that depending on the sign
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of cos20 # 0, P?(ve — 1) is either bigger or smaller than 1/2. Tt follows from the
solar neutrino data that in the range of validity (in E/Am?) of Eq. (14.88) we have
P (v — 1) = 0.3. Thus, the possibility of cos26 < 0 is ruled out by the data. Given
the choice Am? > 0 we made, the data imply that Am2 cos 260 > 0.

If E/Am? is sufficiently small so that Ne(tg)/| N2 < 1, we have P’ 220, Oy, (to) = 6
and the oscillations take place in the Sun as in vacuum [27]:

_ 1
P (g — vests, tg) 21 — 5 sin® 20, (14.89)

which is the average two-neutrino vacuum oscillation probability. This expression
describes with good precision the transitions of the solar pp neutrinos (Section 14.9.1).
The extremely nonadiabatic v, transitions in the Sun, characterized by 7(t) < 1, are also
described by the average vacuum oscillation probability (Eq. (14.89)) (for Am? cos 260 > 0
in this case we have (see e.g., Refs. [208,209]) cos 20,,(tg) = —1 and P’ = cos? 6).

The probability of ve survival in the case 3-neutrino mixing takes a simple form for
|Am3;| = 2.5 x 1073 eV2 > |AmZ,|. Indeed, for the energies of solar neutrinos E <10
MeV, N"® corresponding to |Amg;| satisfies N57 2 103 em™2 N4 and is by a factor
of 10 bigger than N, in the center of the Sun. As a consequence, the oscillations due
to Am%l proceed as in vacuum. The oscillation length associated with |Am§1| satisfies
L3, $10 km < AR, AR being the dimension of the region of v, production in the Sun.
We have for the different components of the solar v, flux [204] AR = (0.04 — 0.20) R .
Therefore the averaging over AR strongly suppresses the oscillations due to Am%l and
we get [192,217]:

P3V = Sin4 013 + COS4 013 P%V(Am%p 012; Ne 0052 913) ) (14'90)

where P%”(Am%l, 612; N cos? 013) is given by Eq. (14.85) to Eq. (14.87) in which
Am? = Am%l, 0 = 019 and the solar e~ number density N, is replaced by N cos? 013. As
can be shown [192,217], P%”(Am%l, 612; N, cos® 013) and (l—P%”(Amgl, 619; Ne cos® 613))
are respectively the average probabilities of solar v, survival and of the 2-neutrino
ve — V' = (c23vy, — s23v7) transitions in the Sun. Thus, in the case of 3-neutrino mixing,
the solar v, undergo transitions into the mixture (czguu — So3v7) of vy, and vr.

The solar v, transitions observed by the Super-Kamiokande and SNO experiments are
described, as it follows from Eq. (14.88) and Eq. (14.90), approximately by:

P%” >~ sin? 015 + cos® 013 sin® 61 . (14.91)

The data show that P%’/ >~ 0.3, which is a strong evidence for matter effects in

the solar v, transitions [218] since in the case of oscillations in vacuum Pg)” =

sint 013 + (1 — 0.5sin? 2612) cos* 613 > 0.52, where we have used sin? ;3 <0.0240 and
sin? 2612 <0.915 (see Section 14.2).

The analytic expression for the solar v, survival probability, Eq. (14.90), with
P%”(Am%l,ﬁlg;]\fe cos? 013) given by Eq. (14.85) to Eq. (14.87) and the prescriptions
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described above, provides a particularly precise description of the solar v survival (and
transitions) in the Sun - the results differ by a few percent from those obtained by solving
numerically the relevant system of evolution equations using the electron number density
distribution in the Sun provided by the standard solar models - if one uses as input in
the calculations a “running” value of the scale-height 7o [209], i.e., if for each given
values of E/Am3; and 612 one finds the resonance density N7¢* = N"¢5(E/Am3q,612),
calculates the scale-height parameter rg = N¢(r)/(dNe(r)/dr) at the point in the Sun
where N, cos? 613 = N"¢5(E/ Am%l,elz) employing the solar electron number density
distribution N, = N¢(r) given by the standard solar models [204], r being the distance
from the center of the Sun.

14.8.2.3. The day-night asymmetry:

When the solar neutrinos reaching a detector travel through the Earth at night, a
partial regeneration of the flux of the solar v, is possible due to the inverse Earth
matter-enhanced process [219,220)] Vyu(r) — Ve- This can lead to a difference between the
solar neutrino induced charged current day and night event rates in the detector, Rp
and Ry, i.e., to a non-zero day-night asymmetry Ap_n = 2(Rp — Ry)/(Rp + Ry). An
observation of Ap_px # 0 will be an unambiguous proof of the presence of Earth matter
effects in the transitions of solar neutrinos taking place when the neutrinos traverse the
Earth: in the absence of the effects of the Earth matter we have Ap_pn = 0.

In the case of two-neutrino mixing, i.e., neglecting the effects of the non-zero sin 613,
the probability that an electron neutrino produced in the Sun will not be converted into
Vyu(r) when it propagates in the Sun and traverses the Earth on the way to the detector is
given by the following simple expression [219]:

P.o — sin? 619

P2 (ve — ve) = P (ve — ve) + (1 — 2P (v — ve)) , (14.92)

cos 2019

where p%” (ve — Ve) is the average probability of solar v, survival in the Sun
given in Eq. (14.86) and Eq. (14.87) (with 6 = 612 and Am? = Am2; > 0) and
Puy = |A(vy — ve)|? is the probability of the vy — v, transition after the v, have left the
Sun, i.e., of the v9 — v, transition in the Earth. For solar neutrinos crossing only the
Earth mantle along a trajectory with nadir angle 6,,, the amplitude A(vy — ve) in the
constant density approximation, has the form:

man

Alvg — 1) = sinfig + (e — 1) cos(f12 — 075%™ sin 675", (14.93)
where " = (E§* — EY)mem2L™men (B — ET')™ being the relevant difference of
the energies of the two matter-eigenstate neutrinos in the Earth mantle and 673" is

the mixing angle in the mantle which coincides in vacuum with 612. The quantities

(B — E7Y)™™ and 073" can be obtained from Eq. (14.61) and Eq. (14.59) by setting
0 = 012, Am? = Am3,, NI® = N'5% = Am3 cos 2012/(2Ev/2G ) and N, = NI(6,,).
The two layer constant density approximation expressions for A(rvy — ve) and P,y for
solar neutrinos crossing the Earth core at night were derived and can be found in Ref. 189.
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During the dayl when the neutrinos do not cross the Earth, P,y = sin? f15 and we have
PgVE(Ve — Ve) = PC%” (ve — ve). For Earth crossiflg neutrinos at night P.o # sin® 019 due
to the Earth matter effect and P2%(ve — ve) # PC%”(V@ — Ve).

Detailed calculations of the day-night asymmetry Ap_pn # 0 for the solar neutrino
detectors Super-Kamiokande, SNO and BOREXINO have been performed, e.g., in
Refs. [221]. In Refs. [222] the effects of a 613 # 0 on the predictions for the asymmetry
Ap_pn were taken into account. The results of these calculations showed that for the
experimentally determined current values of Am%l and 619, the predicted values of the
asymmetry Ap_n for the SNO and BOREXINO experiments are below the sensitivity
of these experiments. For the Super-Kamiokande detector an asymmetry Ap_n ~ —3%
was predicted.

14.9. Neutrino oscillation experiments

14.9.1. Solar neutrino experiments :

So far, solar neutrinos have been observed by chlorine (Homestake) [6] and gallium
(SAGE [8], GALLEX [9,10], and GNO [11]) radiochemical detectors, water Cherenkov
detectors using light water (Kamiokande [223,7] and Super-Kamiokande [224-228]) and
heavy water (SNO [13,14,229,230]) , and liquid scintillation detectors (Borexino [231-237]
and KamLAND [238,239]) .

A pioneering solar neutrino experiment by R. Davis, Jr. and collaborators at
Homestake using the 37Cl - 37Ar method proposed by B. Pontecorvo [240] started in
the late 1960s. This experiment exploited v, absorption on 37Cl nuclei followed by the
produced 37 Ar decay through orbital e™ capture,

Ve + 37C1 — 37Ar + ¢~ (threshold 814 keV). (14.94)

Note that v, absorption reactions on nuclei are CC reactions. The detector contained
615 tons of tetrachloroethylene, CoCls. The 37Ar atoms produced are radioactive, with
a half life (71/p) of 34.8 days. After an exposure of the detector for two to three
times 7y g, the reaction products were chemically extracted and introduced into a
low-background proportional counter, where they were counted for a sufficiently long
period to determine the exponentially decaying signal and a constant background.
Solar-model calculations [124] predict that the dominant contribution in the chlorine
experiment come from 8B neutrinos, the second to the dominant from "Be neutrinos,
with pep, 13N, and 1°0 neutrinos also giving additional subdominant contributions.

Gallium experiments (GALLEX and GNO at Gran Sasso in Italy and SAGE at Baksan
in Russia) utilized the reaction

Ve + "'Ga — " Ge+ e (threshold 233 keV), (14.95)

which is sensitive to the most abundant pp solar neutrinos. The solar-model calcula-
tions [124] predict that more than 80% of the capture rate in gallium is due to low
energy pp and ’Be solar neutrinos with the pp rate being about twice the “Be rate. The
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"lGe atoms decay through electron capture with a half life (7 /2) of 11.43 days. SAGE
used approximately 50 tons of liquid gallium metal as a target. GALLEX used 101
tons of GaCls, containing 30.3 tons of gallium. Both experiments used natural gallium,
containing 39.9% of "*Ga isotope. SAGE started measurement from December, 1989.
GALLEX experiment had been conducted between 1991 and 1997. Since April, 1998, a
newly defined collaboration, GNO (Gallium Neutrino Observatory) continued the gallium
experiment at Gran Sasso until April 2003.

Both GALLEX [241] and SAGE [242] tested their detectors using intense 'Cr
radioactive sources with known activities. Low energy neutrinos relevant to test the
gallium experiments (~ 750 keV and ~ 320 keV neutrinos) are emitted from decays of

Sl

In 1987, the Kamiokande experiment at Kamioka in Japan succeeded in real-time solar
neutrino observation, utilizing ve scattering,

Vpt+e —ugte (14.96)

in a 3,000-ton water-Cherenkov detector. This experiment took advantage of the
directional correlation between the incoming neutrino and the recoil electron. This
feature greatly helps the clear separation of the solar-neutrino signal from the
background. The Kamiokande result gave the first direct evidence that neutrinos come
from the direction of the Sun [223]. In 1996, the high-statistics Super-Kamiokande
experiment [224-228] with a 50-kton water Cherenkov detector replaced the Kamiokande
experiment. Due to the high thresholds (recoil-electron total energy of 7 MeV in
Kamiokande and 4 MeV at present in Super-Kamiokande) the experiments observe pure
8B solar neutrinos. It should be noted that the reaction (Eq. (14.96)) is sensitive to all
active neutrinos, x = e, u, and 7. However, the sensitivity to v, and v, is smaller than
the sensitivity to ve since o (v re) = 0.16 o(vee).

In 1999, a new real time solar-neutrino experiment, SNO (Sudbury Neutrino
Observatory), in Canada started observation. This experiment used 1000 tons of
ultra-pure heavy water (D20O) contained in a spherical acrylic vessel, surrounded by an
ultra-pure HoO shield. SNO measured 8B solar neutrinos via the CC and NC reactions

Vet+td—e +p+p (CC), (14.97)

and
Ve+d—vy+p+n (NC), (14.98)

as well as ve scattering, (Eq. (14.96)). The CC reaction, (Eq. (14.97)), is sensitive only to
Ve, while the NC reaction, (Eq. (14.98)), is sensitive to all active neutrinos. This is a key
feature to solve the solar neutrino problem. If it is caused by flavour transitions such as
neutrino oscillations, the solar neutrino fluxes measured by CC and NC reactions would
show a significant difference.

The Q-value of the CC reaction is —1.4 MeV and the e~ energy is strongly correlated
with the v, energy. Thus, the CC reaction provides an accurate measure of the shape
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of the 8B neutrino spectrum. The contributions from the CC reaction and ve scattering
can be distinguished by using different cos 6 distributions, where 6 is the angle of
the e~ momentum with respect to the Sun-Earth axis. While the ve scattering events
have a strong forward peak, CC events have an approximate angular distribution of
(1 —1/3cos?).

The neutrino energy threshold of the NC reaction is 2.2 MeV. In the pure DO [13,14],
the signal of the NC reaction was neutron capture in deuterium, producing a 6.25-MeV
~v-ray. In this case, the capture efficiency was low and the deposited energy was close to
the detection threshold of 5 MeV. In order to enhance both the capture efficiency and
the total y-ray energy (8.6 MeV), 2 tons of NaCl was added to the heavy water in the
second phase of the experiment [229]. Subsequently NaCl was removed and an array
of 3He neutron counters were installed for the third phase measurement [230]. These
neutron counters provided independent NC measurement with different systematics from
that of the second phase, and thus strengthened the reliability of the NC measurement.
The SNO experiment completed data acquisition in 2006.

Another real time solar neutrino experiment, Borexino at Gran Sasso, started solar
neutrino observation in 2007. This experiment measures solar neutrinos via ve scattering
in 300 tons of ultra-pure liquid scintillator. With a detection threshold as low as 250 keV,
the flux of monochromatic 0.862 MeV "Be solar neutrinos has been directly observed
for the first time [231]. Further, Borexino measured the fluxes of monochromatic 1.44
MeV pep solar neutrinos [232] and pp solar neutrinos [233], both for the first time.
Measurements of these low energy solar neutrinos are important not only to test the
SSM further, but also to study the MSW effect over the energy region spanning from
sub-MeV to 10 MeV. Borexino published the final results of the Phase-I (May 2007 to
May 2010) low-energy solar-neutrino measurement in [235]. After Phase-I data-taking,
Borexino conducted an extensive purification of its liquid scintillator, and started Phase-11
data-taking in December 2011. Recently, Borexino has reported the Phase II results of
the low-energy solar-neutrino measurement [236]. Borexino has also reported the 8B
solar-neutrino measurement between January 2008 and December 2016 [237].

The solar neutrino survival probability, relevant for the interpretation of the solar
neutrino data in the terms of the MSW effect is discussed in subsection 14.8.2.2.

KamLAND is a 1-kton ultra-pure liquid scintillator detector located at the old
Kamiokande’s site. This experiment also measured the ‘Be solar neutrino flux [238].
As KamLAND is a multi-purpose experiment whose one of the primary goals was
a long-baseline neutrino oscillation studies using electron antineutrinos emitted from

nuclear power reactors, further description of the KamLAND experiment is given later in
Section 14.9.4.
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14.9.2. Atmospheric neutrino oscillation experiments :

Almost all large underground detectors can observe atmospheric neutrinos. In the
early history of neutrino oscillation studies using atmospheric neutrinos, water Cherenkov
detectors for Kamiokande [243,244] and IMB [245] (experiment in the US) and iron
tracking calorimeters for the Frejus experiment [246] in France and the Soudan 2
experiment [247] at the Soudan mine in the US, measured atmospheric neutrinos, in
particular, the flux ratio v, /ve = ®(vy + )/ ®(ve + V). The main purpose of all these
experiments was search for nucleon decay, and atmospheric neutrinos were backgrounds
for the main purpose. Following these initial experiments, Super-Kamiokande discovered
the atmospheric neutrino oscillation [17], and a multi-purpose detector MACRO [248] at
Gran Sasso obtained results consistent with neutrino oscillation. Subsequently, Soudan 2
also observed the atmospheric neutrino oscillation effects [249]. Later, the far detector
of the MINOS long baseline neutrino oscillation experiment also measured atmospheric
neutrinos [250], and obtained results consistent with atmospheric neutrino oscillation.

This detector is a 5.4 kton iron-scintillator tracking calorimeter with toroidal magnetic
field.

Atmospheric neutrino oscillations have also been observed by the neutrino telescopes
for high-energy neutrino astronomy (TeV ~ PeV) using Cherenkov technique, ANTARES
and IceCube-DeepCore, based on the measurement of v, charged-current events having
an upward-going muon track to avoid contamination from atmospheric muon background.
ANTARES [251] is an open water detector deployed deep under the Mediterranean Sea
(depth ~ 2500 m) 40 km off-shore from Toulon, France, while IceCube [252] is a detector
deployed in the ice at the South Pole at the depth from 1450 m to 2450 m. Though
both experiments are optimized to high-energy neutrino interactions in the TeV range,
they need to measure muon neutrinos with energies as low as ~ 20 GeV in order to be
sensitive to atmospheric neutrino oscillations. ANTARES could reconstruct upward-going
muons from v, interactions down to 20 GeV [253], while IceCube used the low-energy
sub-detector DeepCore, a region of denser IceCube instrumentation, to lower the muon
neutrino energy threshold down to ~ 6 GeV [254] (also see Ref. 255 with higher
thresholds).

All these detectors, with the exception of the MINOS far detector, cannot measure
the charge of the final-state leptons, and, therefore, neutrino and antineutrino induced
events cannot be discriminated; the MINOS far detector can measure the charge of
the muon track, and, therefore, identify v, and 7, charged-current events. However,
all these detectors can identify the final-state leptons to be u-like or e-like. Taking
Super-Kamiokande as an example, neutrino events having their vertex in the 22.5 kton
fiducial volume are classified into fully contained (FC) events and partially contained (PC)
events. The FC events are required to have no activity in the anti-counter. Single-ring
events have only one charged lepton which radiates Cherenkov light in the final state,
and particle identification is particularly clean for single-ring FC events. A ring produced
by an e-like (ei, v) particle exhibits a more diffuse pattern than that produced by a
pu-like (,ui, 7T:|:) particle, since an e-like particle produces an electromagnetic shower and
low-energy electrons suffer considerable multiple Coulomb scattering in water. All the PC
events are assumed to be pu-like since the PC events comprise a 98% pure charged-current
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vy, sample.

In the near future, Super-Kamiokande will continue atmospheric neutrino measure-
ments. In addition, currently several large underground detectors are proposed for
construction (liquid argon detectors with a total mass of 10 - 40 kton as the far detector
of the DUNE experiment [93] in the US, and a 2 x 0.258 Mton water Cherenkov detector,
Hyper-Kamiokande (2TankHK-staged design) [200], as the far detector of the T2HK
experiment [94] in Japan) or approved (a 50 kton magnetized iron tracking calorimeter,
ICAL at the INO (India-based Neutrino Observatory) [85] in the southern Indian state
of Tamil Nadu). Analytic expressions for the relevant atmospheric neutrino oscillation
probabilities are given in subsection 14.8.1.

As high-statistics atmospheric neutrino observations in the energy region of a few to ~
10 GeV are considered to be promising for the determination of the neutrino mass ordering
(see subsection 14.8.1, Fig. 14.7 and the related discussion), there are two proposed
densely-instrumented neutrino telescopes PINGU (Precision IceCube Next-Generation
Upgrade) [82] and ORCA (Oscillation Research with Cosmics in the Abyss) [83], both
having a multi-megaton total mass. PINGU will be deployed inside the DeepCore, and
will be sensitive to > 1 GeV. ORCA is proposed as part of the second phase of the
KM3NeT [84], a network of neutrino telescopes deep under the Mediterranean Sea.
ORCA will have sensitivity down to a few GeV, its site being Toulon, France.

14.9.3. Accelerator neutrino oscillation experiments :

For earlier accelerator neutrino oscillation experiments before the discovery of the
atmospheric neutrino oscillation, see, e.g., Ref. 257. The Am? > 2 x 1073 eV? region
can be explored by accelerator-based long-baseline experiments with typically £ ~ 1
GeV and L ~ several hundred km. K2K [19], MINOS [20,21] and MINOS+ [256],
OPERA [173,174], ICARUS [258], T2K [22,23], and NOvA [40,60] are completed
or currently running experiments, and DUNE [93] and T2HK [94] are proposed future
experiments. For analytic expressions of relevant neutrino oscillation probabilities see
Eq. (14.44) and Eq. (14.74) and the discussions related to these equations. With a
fixed baseline distance and a narrower, well understood neutrino energy spectrum, the

value of \Amgl (32)\ and, with higher statistics, also the relevant neutrino mixing angle,

are potentially better constrained in accelerator experiments than from atmospheric
neutrino observations. With v, — v, appearance measurements, accelerator long-baseline
experiments can measure #13 within an uncertainty related, in particular, to the CPV
phase 9. In the early phase of the accelerator long-baseline experiments, K2K used an
approximate v, — Ve appearance probability given by Eq. (14.46),

P(vy — ve) = sin® 2013 - sin® fag3 - sin?(1.27Am3, L/ E). (14.99)

to set an upper limit to sin®2613 [175]. More accurate expression for the Vy — Ve
appearance probability relevant for the accelerator long baseline experiments, Eq. (14.74),
shows that subleading terms could have rather large effects and the unknown CPV phase
0 causes uncertainties if one wishes to determining the value of 613 from accelerator
measurements of v, — v, appearance. Now that 613 has been precisely measured by



60 14. Neutrino masses, mixing, and oscillations

reactor experiments, accelerator long-baseline experiments can potentially determine or

constrain ¢ and the neutrino mass ordering, from the measurement of Vy — Ve appearance,
using precise reactor results on A3, depending on the experimental conditions such as

baseline distance.

The K2K (KEK-to-Kamioka) long-baseline neutrino oscillation experiment [19] is
the first accelerator-based experiment with a neutrino path length extending hundreds
of kilometers. A horn-focused wide-band muon neutrino beam having an average
L/E, ~ 200 (L = 250 km, (E,) ~ 1.3 GeV), was produced by 12-GeV protons from the
KEK-PS and directed to the Super-Kamiokande detector. A near detector was located
300 m downstream of the production target. K2K experiment started data-taking in 1999
and was completed in 2004.

MINOS [20,21] is the second long-baseline neutrino oscillation experiment with near
and far detectors. Neutrinos are produced by the NuMI (Neutrinos at the Main Injector)
facility using 120 GeV protons from the Fermilab Main Injector. The far detector is a
5.4 kton (total mass) iron-scintillator tracking calorimeter with toroidal magnetic field,
located underground in the Soudan mine. The baseline distance is 735 km. The near
detector, located 1.04 km downstream of the production target, is also an iron-scintillator
tracking calorimeter with toroidal magnetic field, with a total mass of 0.98 kton. The
NuMI neutrino beam is a horn-focused wide-band beam. Its energy spectrum can be
varied by moving the target position relative to the first horn and changing the horn
current. MINOS started the neutrino-beam run in 2005 and was completed in 2012.
Almost all the MINOS data were taken with the low-energy beam spectrum which peaked
at 3 GeV. Part of the MINOS data were taken with the 7,-enhanced beam by inverting
the current in magnetic horns. In September, 2013, the MINOS+ experiment [256]
started with the same near and far detectors as the MINOS experiment, but with the
medium-energy beam spectrum which peaks at ~ 6 GeV on axis (zero degree). At
zero degree, the NuMI medium-energy beam has much higher intensity than the NuMI
low-energy beam. The MINOS+ experiment had run for 3 years and ended in 2016.

The T2K experiment [22,23] is the first off-axis long-baseline neutrino oscillation
experiment. The baseline distance is 295 km between the J-PARC in Tokai, Japan and
Super-Kamiokande. A narrow-band v, beam with a peak energy of 0.6 GeV, produced by
30 GeV protons from the J-PARC Main Ring, is directed 2.5° off-axis to SK. With this
configuration, the v, beam is tuned to the first oscillation minimum of the v, survival
probability. T2K started the first physics run in 2010.

The NOvA experiment [40,41] is an off-axis long-baseline neutrino oscillation
experiment using the the NuMI medium-energy beam. Its detectors are positioned 14.6
mrad off-axis. With this configuration, the neutrino beam has a narrow spectrum which
peaks at around 2 GeV. The 14 kton total active mass far detector is located on the
surface at Ash River, Minnesota, 810 km from the production target. The 193 ton total
active mass near detector is located 100 m underground at Fermilab, approximately 1km
from the target. Both detectors are fine-grained tracking calorimeters consisting of arrays
of PVC cells filled with liquid scintillator. NOvA started physics run in 2014.

Although the atmospheric neutrino oscillations and accelerator long-baseline v,
disappearance data are fully consistent with the dominance of v, — v oscillations for v,
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at GeV energies, v, appearance in the muon neutrino beam has to be demonstrated. As
the 7 production threshold is F, ~ 3.5 GeV, a high-energy neutrino beam is needed for
this purpose. The only experiment of this kind is OPERA [173,174] with a muon neutrino
source at CERN and a detector at Gran Sasso with a baseline distance of 730 km.
OPERA does not have a near detector. The CNGS (CERN Neutrinos to Gran Sasso)
neutrino beam with (E,) = 17 GeV is produced by high-energy protons from the CERN
SPS. OPERA received the CNGS neutrino beam between 2008 and 2012. The detector is
a combination of the “Emulsion Cloud Chamber” and magnetized spectrometer, having a
target mass of 1,290 tons. At Gran Sasso, another neutrino experiment, ICARUS [258],
with a 600-ton liquid argon detector, was located and received the CNGS neutrino beam
from 2010 to 2012. The ICARUS detector was transported to Fermilab in July 2017, and
will be used in a short baseline experiment.

DUNE (Deep Underground Neutrino Experiment) [93] is a projected future experiment
with a 1,300 km baseline. A 10 ~ 34 kton liquid-argon far detector will be located deep
underground at the Sanford Lab in South Dakota, the U.S. A fine-grained near neutrino
detector will be installed at Fermilab. Based on the existing NuMI beamline and a MW
class proton source, a wide-band, high-intensity v, beam with a peak flux at 2.5 GeV
is considered for this experiment. T2HK [94] is another future long baseline experiment
from J-PARC to the 2 x 0.258 Mton water Cherenkov detector, Hyper-Kamiokande
(2TankHK-staged design) [200], which is at the proposal stage, at Kamioka. An upgrade
of the J-PARC Main Ring to achieve a MW-class beam power is also proposed.

In the context of possible hints for the existence of sterile neutrinos at the eV scale,
short-baseline accelerator neutrino oscillation experiments have been drawing attention.
LSND [259], Karmen 2 (and Karmen 1) [260], and MiniBooNE [261,262] are completed
experiments. At Fermilab, the Short-Baseline Neutrino (SBN) Program is ongoing [263].
It consists of three new short-baseline experiments, SBND, MicroBooNE, and ICARUS
in the Booster Neutrino Beamline. The detectors of all these new experiments use
liquid-argon TPC technology. MicroBooNE is running, and SBND and ICARUS are in
preparation.

The LSND (Liquid Scintillation Neutrino Detector) experiment [259] used the LANSE
(Los Alamos Neutron Science Center, formerly known as the LAMPF) 800 MeV proton
linac as a neutrino source. At this energy, kaon production is negligible. Most of the
produced positive pions stop in the massive target and decay at rest, with decay muons
also stop in the target and decay. Most of the produced negative pions also stop in the
target and are absorbed by the target nuclei. Therefore, this neutrino source emits v,
Uy, and ve, with very small contamination of 7 which comes from 7~ decay in flight
followed by the p~ decay at rest. Because of this small 7, component in the neutrino flux,
LSND made a sensitive search for v, — v, appearance with 167 tons of diluted liquid
scintillator in a tank located about 30 m from the neutrino source, using the reaction
Ve +p — e 4+ n. Also, LSND studied vy — Ve appearance above the Michel electron
endpoint energy using the reaction ve + C — e~ + N, as the v, flux from pT decay in
flight is suppressed due to the long muon lifetime and that from 71 decay in flight is
suppressed by the small 77 — e™ + v, branching ratio. The Karmen 2 experiment [260]
used the 800 MeV proton synchrotron at the neutron spallation facility of the Rutherford
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Appleton Laboratory, also to produce low-energy 7, flux from T decay at rest. The
Karmen 2 detector is a segmented liquid scintillator calorimeter located at a distance of
17.7 m from the neutrino source. MiniBooNE used a conventional horn-focused neutrino
beam produced by 8 GeV protons from the Fermilab booster synchrotron. MiniBooNE
investigated both v, [261] and 7. [262] appearance in v, and 7, beams, respectively,
with a detector containing 806 tons of mineral oil and located 541 m downstream of the
production target.

14.9.4. Reactor neutrino oscillation experiments :

As nuclear reactors produce 7, flux with energy < 10 MeV, 7, disappearance is the
only neutrino oscillation channel that can be studied using reactors and liquid scintillator
detectors. To identify low-energy inverse (-decay events 7o +p — et + n, detection
of a prompt positron signal and delayed neutron signal in coincidence is important to
reject natural backgrounds. For detecting neutrons effectively, gadolinium-loaded liquid
scintillator is widely used. While neutron capture on a hydrogen produces a 2.2 MeV -,
neutron capture on Gd produces multiple ~, each having average energy of ~ 2 MeV,
giving a ~ 8 MeV signal in total.

For short baseline reactor neutrino oscillation experiments in the 1980s or earlier, see,
e.g., Refs. [264,52]. Reactor neutrino oscillation experiments with L ~ 1 km, (F) ~ 3
MeV are sensitive down to E/L ~ 3 x 1073 eV? ~ Am?2. At this baseline distance, the
reactor 7, oscillations driven by Am%l are negligible in the three neutrino oscillation
framework. The v, survival probability is given in Eq. (14.45). Therefore, reactor v,
disappearance experiments with ~ 1 km baseline allow direct measurement of sin? 6;3.

In 1990’s, two experiments of this kind, Chooz [57] and Palo Verde [265], were
constructed to study a possibility of rather large v, — v mixing in the Am? region
down to 1072 ~ 1073 eV?2 as a possible solution for the anomalous atmospheric Vu/Ve
ratio reported by several experiments (see, Section 14.11.1). Both Chooz and Palo Verde
were single-detector experiments. The Chooz detector was located in an underground
laboratory with 300 mwe (meter water equivalent) rock overburden, at about 1 km from
the neutrino source. It consisted of a central 5-ton target filled with 0.09% Gd-loaded
liquid scintillator, surrounded by an intermediate 17-ton and outer 90-ton regions filled
with Gd-free liquid scintillator. Another experiment at the Palo Verde Nuclear Generating
Station in Arizona, United States, also searched for 7, disappearance using 11.34 tons
of Gd-loaded liquid scintillator located at a shallow (32 mwe) underground site, about
800 m from the neutrino source [265]. These two experiments found no evidence for
7 disappearance. The CHOOZ collaboration set a limit of sin? 2013 < 0.1 at 90% CL.
Somewhat less stringent limit was obtained by the Palo Verde collaboration.

After establishment of atmospheric and solar neutrino oscillations the importance of
the reactor neutrino oscillation experiment to measure 613 was widely recognized, and
this led to the realization of the three new reactor experiments, Double Chooz in France,
RENO in Korea, and Daya Bay in China. Given a small disappearance probability
expected from the sin® 2013 limit reported by Chooz and Palo Verde and an uncertainty
of a few% with which reactor 7, flux was predicted, all these experiments proposed to
have near and far detectors to reduce the systematic error due to 7, flux uncertainty.
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These modern reactor neutrino oscillation experiments were approved around 2005. For
their histories, see, e.g., Ref. 266 for Double Chooz, Ref. 267 for Daya Bay, and Ref. 268
for RENO.

The Double Chooz experiment [32,35] measures electron antineutrinos from two 4.25
GWyy, reactors with two identical detectors: a near detector and a far detector located
at average distances of 400 m and 1050 m, respectively, from the two reactor cores.
Although the far detector was completed in 2010, there was a substantial delay in the
construction of the near detector, and it was completed at the end of 2014. The Daya
Bay experiment [33,37] measures electron antineutrinos from the Daya Bay nuclear
power complex (six 2.9 GWyy, reactors), initially with six functionally identical detectors
deployed in two near (470 m and 576 m of flux-weighted baselines) and one far (1648
m) underground halls. The first Daya Bay result [33] was obtained with this detector
configuration. Later, two detectors were further installed, one in one of the near detector
hall and the other in the far detector hall. The RENO experiment [34] measures electron
antineutrinos from four 2.8 GWy, and two 2.66 GWy}, reactors at Yonggwang Nuclear
Power Plant with two identical detectors located at 294 m and 1383 m from the reactor
array center (or flux-weighted baseline distance of 408.56 m and 1443.99 m, respectively).
Antineutrino detectors of these experiments have similar structures. They consist of
three layers and an optically independent outer veto detector. The innermost layer of the
antineutrino detector is filled with Gd-loaded liquid scintillator, which is surrounded by
a “y-catcher” layer filled with Gd-free liquid scintillator, and outside the ~-catcher is a
buffer layer filled with mineral oil. An outer veto detector is filled with purified water
(Daya Bay and RENO) or liquid scintillator (Double Chooz). In addition, the Double
Chooz near detector tank is shielded by a 1 m thick water buffer. RENO and Daya Bay
started measurements with both the near and far detectors from the beginning. All these
experiments published their first results on reactor 7. disappearance in 2012.

For longer baseline distance of L ~ a few hundred km, a reactor neutrino oscillation
experiment is sensitive to Am? down to ~ 1072 eV2. In this case the reactor 7. survival
probability is given in Eq. (14.51). Therefore, such an experiment can test the LMA
(Large Mixing Angle) solution of the solar neutrino problem, assuming CPT invariance.

However, a higher 7, flux and a larger target mass are needed compared to
short-baseline reactor experiments to obtain statistically significant event rate. So far,
KamLAND is the only experiment of this kind. It is located at the old Kamiokande’s
site in Japan. Its neutrino target is 1-kton ultra-pure liquid scintillator contained in a
transparent balloon, which is hold inside a spherical tank with buffer oil filled between
the baloon and the tank. The tank is surrounded by an outer water Cherenkov detector.
Before the Great East Japan Earthquake in March 2011, many nuclear reactors were
operating in Japan, and more than 79% of the v, flux at KamLAND was coming from 26
reactors between 138 - 214 km away, with a flux-weighted average distance of ~ 180 km.

In future, medium baseline (~ 50 km) reactor neutrino oscillation experiments
with neutrino target mass of ~ 20 kton and with a very good energy resolution of
3%/+/Ey(MeV), not reached in any previous experiment with liquid scintillator, are
aiming, in particular, to determine the type of spectrum the neutrino masses obey, i.e.,
the neutrino mass ordering (see Section 14.2). The relevant 7, survival probability is given
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in Eq. (14.47). These experiments have additional rich physics program. The Jiangmen
Underground Neutrino Observatory (JUNO) [269] at Kaiping, Jiangmen in Southern
China will be located at 53 km from both of the planned Yangjiang and Taishan nuclear
power plants. The neutrino target of this experiment will be 20 kton liquid scintillator.
JUNO is a funded project, and its construction started in January, 2015.

14.10. Results of solar neutrino experiments and KamLAND

In 1967, analyzing the possible effects of neutrino oscillations on the solar neutrino
flux measurements, B. Pontecorvo predicted the solar neutrino “deficit” in experiments
detecting solar neutrinos via a CC reaction [1] before the first solar neutrino data were
available. The solar-neutrino problem, i.e., the problem of understanding the origin of
the observed deficit of solar neutrinos, remained unsolved for more than 30 years since
the late 1960s, but solar neutrino experiments have achieved remarkable progress since
the beginning of the new century, and the solar-neutrino problem has been understood as
due to neutrino flavour conversion.

14.10.1. Measurements of Am%l and 013 :

From the very beginning of the solar-neutrino observation by the Homestake chlorine
experiment [270] in the late 1960s, it was recognized that the observed flux was
significantly smaller than the SSM prediction. The subsequent radiochemical solar
neutrino experiments using ''Ga, SAGE [271] and GALLEX [9] also reported smaller
solar neutrino fluxes than the SSM predictions in the early 1990s. final results of these
experiments [272] are compared with the SSM predictions in Table 14.5. Experiments
with water Cherenkov detectors, Kamiokande and Super-Kamiokande, observed almost
pure 8B solar neutrinos through ve elastic scattering, and they also reported a clear
deficit of B solar neutrino flux.

In 2001, the initial SNO CC result combined with the Super-Kamiokande’s high-
statistics ve elastic scattering result [273] provided direct evidence for flavour conversion
of solar neutrinos [13]. Later, SNO’s NC measurements further strengthened this
conclusion [14,229,230]. From the salt-phase measurement [229], the fluxes measured
with CC, ES, and NC events were obtained as

pSCH = (1.68 £ 0.067998) x 100cm 251 | 14.100
SNO — —0.09

PN = (2.35+0.22 + 0.15) x 108ecm =251, (14.101)
Ao = (4.94+0.2170:3%) x 10%em =271 | (14.102)

where the first errors are statistical and the second errors are systematic. In the case
of ve — vy 7 transitions, Eq. (14.102) is a mixing-independent result and therefore tests
solar models. It shows good agreement with the 8B solar-neutrino flux predicted by the
solar model [125]. Fig. 14.8 shows the salt phase result on the v, + v, flux ¢(vy, ;)
versus the flux of electron neutrinos ¢(ve) with the 68%, 95%, and 99% joint probability
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Table 14.5: Results from radiochemical solar-neutrino experiments. The predic-
tions of the standard solar model BPS08(GS) [128] are also shown. The first and the
second errors in the experimental results are the statistical and systematic errors,
respectively. SNU (Solar Neutrino Unit) is defined as 10730 neutrino captures per
atom per second.

37C1—37Ar (SNU)  "'Ga—"1Ge (SNU)

Homestake [6] 2.56+0.16 +0.16 -
GALLEX [10] - 77.5+6.2153
GNO [11] - 62.9722 £ 2.5
GNO+GALLEX [11] - 69.3 £ 4.1+ 3.6
SAGE 8] = 65.473 028
SSM [BPS08(GS)] [128] 8.46 7087 127.97%2

contours. The flux of non-ve active neutrinos, ¢(v, ), can be deduced from these results.
It is
P(Vpr) = (3.26 + 0.25j8;§g> x 100cm ™25, (14.103)

The non-zero ¢(v, ) is strong evidence for solar v, flavor conversion. As it follows from
the discussion of the solar v, survival and transition probabilities in subsection 14.8.2.2
(see Eq. (14.90)), the parameters which are responsible for the solar neutrino flavour
conversion are Am%l and 615. The dependence of the survival probability on 613 =2 0.15
is extremely weak, leading essentially to a rescaling of the corresponding 2-neutrino
mixing ve survival probability by a factor of cos*#13 = 0.96 and of N, by the factor
cos? 013 =2 0.98. The quoted experimental results are consistent with those expected from
the LMA (large mixing angle) solution of solar neutrino oscillation in matter [26,27]
with Am%l ~ 7.5 x 1075 V2 and tan26;9 ~ 0.45. However, with the SNO data alone,
the possibility of other solutions of the solar neutrino problem cannot be excluded with
sufficient statistical significance.

The KamLAND experiment solved this problem and finally identified the LMA solution
as the true solution of the solar neutrino problem. With the reactor 7.’s energy spectrum
(< 8 MeV) and a prompt-energy analysis threshold of 2.6 MeV, this experiment has a
sensitive Am? range down to ~ 107° eV2. The reactor 7, survival probability relevant
for the interpretation of the KamLAND data is given in Eq. (14.51) and Eq. (14.52).
Assuming CPT invariance, it depends on the same parameters Am%l and #12, which
drive the solar v, transitions, the dependence on 613 having, as in the case of the solar
Ve survival probability, a rather small rescaling effect of the corresponding 2-neutrino
Ve survival probability. Therefore, if the LMA solution is the real solution of the solar
neutrino problem, KamLAND should observe reactor v, disappearance, assuming CPT
invariance.
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Figure 14.8: Fluxes of ®B solar neutrinos, ¢(ve), and ¢(v, -), deduced from
the SNO’s CC, ES, and NC results of the salt phase measurement [229]. The
Super-Kamiokande ES flux is from Ref. 274. The BS05(OP) standard solar model
prediction [125] is also shown. The bands represent the 1o error. The contours show
the 68%, 95%, and 99% joint probability for ¢(ve) and ¢(v, ). The figure is from
Ref. 229.
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The first KamLAND results [15] with 162 ton-yr exposure were reported in December
2002. The ratio of observed to expected (assuming no 7. oscillations) number of events
was

Nops — N
Zobs — TBG _ (.611 4 0.085 + 0.041 (14.104)
NNOOSC

with obvious notation. This result showed clear evidence of an event deficit expected
from neutrino oscillations. The 95% CL allowed regions are obtained from the oscillation
analysis with the observed event rates and positron spectrum shape. A combined global
solar + KamLAND analysis showed that the LMA is a unique solution to the solar
neutrino problem with > 50 CL [275]. With increased statistics [16,276,277], KamLAND
observed not only the distortion of the 7, spectrum, but also for the first time the periodic
dependence on the neutrino energy of the 7, survival probability expected from neutrino
oscillations (see Fig. 14.9).

It should be noted that with accumulation of precise solar neutrino data, analyses
using only solar neutrino data [278,279,235] have attained sufficiently high statistical
significance (> 99.73% or > 30 CL) to show the LMA solution to be the real solution to
the solar neutrino problem without resorting to the KamLAND data, namely, without
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Figure 14.9: The ratio of the background and geoneutrino-subtracted v,
spectrum, observed in the KamLAND experiment, to the predicted one without
oscillations (survival probability) as a function of Lg/E, where Lo=180km. The
histograms show the expected distributions based on the best-fit parameter values
from the two- and three-flavor neutrino oscillation analyses. The figure is from
Ref. 277.

assuming CPT invariance, though the allowed Am%l range is better determined by the
KamLAND data.

The values of Am%l and 612 have been frequently updated by experimental groups
or by phenomenological analysis groups, using the global solar neutrino data, or the
KamLAND data alone, or the global solar + KamLAND data, or the global neutrino
oscillation data. The latest global analysis results found in Ref. 58 are shown in
Table 14.1.

Regarding the consistency between the KamLAND and solar neutrino experiments on
the values of Am%l and f12, it has been noted that there is a ~ 20 level tension between
the best-fit value of Am%l determined by the KamLAND collaboration and that obtained
from analyses using global solar neutrino data [59]. The solar data prefer lower Am%l
value. The KamLAND and global solar best-fit values of 619 are consistent.
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14.10.2. Solar neutrino flux measurements and indications of matter effects :

So far, the pp, pep, 'Be, 8B solar neutrino fluxes have been measured, and upper
limits have been set for the hep and CNO solar neutrino fluxes, with various techniques.
Chlorine (Homestake) and gallium (SAGE, GALLEX, and GNO) radiochemical
experiments measured capture rates of solar neutrinos above threshold (see Table 14.5).
Light-water Cherenkov detectors, Kamiokande [7] and Super-Kamiokande [225,227,228],
measured the 8B neutrino flux and set an upper limit for the hep neutrino flux using ve
elastic scattering [225]. A heavy-water Cherenkov detector, SNO [279], also measured
the 8B neutrino flux, but with three different reactions, NC, CC, and ve elastic
scattering. Liquid scintillator detectors, Borexino and KamLAND, measured low-energy
solar neutrinos using ve elastic scattering. In particular, Borexino successfully measured
the pp [233,236], pep [232,235,236], and "Be [231,235,236] solar neutrino fluxes and
set an upper limit for the CNO solar neutrino flux [232,235,236]. KamLAND also
measured the "Be solar neutrino flux [238]. In addition, both Borexino [234,237] and
KamLAND [239] measured the 8B neutrino flux. The measured fluxes or upper limits
from all these experiments are listed in the Particle Listings at the PDG website [280]
except the recently reported Borexino results [236,237].

Fig. 14.10 plots the survival probability of solar v, as a function of neutrino energy.
The data points are from the Borexino results [236,237] except the SNO+SK 8B data.
The theoretical curve shows the prediction of the MSW-LMA solution. As explained in
Section 14.8.2.2, matter effects on solar neutrino oscillation is expected to be given by
the average two-neutrino vacuum oscillation probability, 1 — %sin22912 for survival of pp
neutrinos. It is ~ 0.58 for sin2619 = 0.297. For 8B neutrinos, transitions are adiabatic and
the survival probability is given by sin*6;3 + cos*6;3sin?619 ~ 0.28 for sinf;3 = 0.0215
(for normal mass ordering) and sin?015 = 0.297. All the data shown in this plot are
consistent with the theoretically calculated curve. This indicates that these solar neutrino
results are consistent with the MSW-LMA solution of the solar neutrino problem.

In the nighttime, solar neutrino experiments observe neutrinos propagated through
the Earth. Therefore, a non-zero day-night flux (or interaction rate) asymmetry implies
the Earth matter effects on flavour oscillations of solar neutrinos. In particular, if the
nighttime flux is higher than the daytime flux, it implies a v, regeneration by the
Earth matter effects (see Section 14.8.2.3). Previously, SNO [279] and Borexino [283]
searched for day-night flux asymmetries of 8B and "Be neutrinos, respectively, but
they observed no statistically significant asymmetries. In 2014, the Super-Kamiokande
experiment has reported [284] a 2.70 indication of non-zero day-night asymmetry of
8B solar neutrinos, Apy = 2(Rp — Ry)/(Rp + Ry) = —0.032 + 0.011 + 0.005, where
Rp and Ry are the average day and average night ve elastic-scattering rates of B
solar neutrinos. In 2016, Super-Kamiokande updated this day-night asymmetry as
Apn = —0.033+£0.0104+0.005 [228]. Statistical significance was slightly improved. This
result is consistent with the Am%l and A2 values in the LMA region.
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Figure 14.10: Electron neutrino survival probability as a function of neutrino
energy. The points represent, from left to right, the Borexino pp, "Be, pep, and 8B
data (black points) and the SNO+SK ®B data (red point). The three Borexino *B
data points correspond, from left to right, to the low-energy (LE) range, LE+HE
range, and the high-energy (HE) range. The electron neutrino survival probabilities
from experimental points are determined using a high metalliticy SSM from
Ref. 281. The error bars represent the +10 experimental + thoretical uncertainties.
The curve corresponds to the +1¢ prediction of the MSW-LMA solution using the
parameter values given in Ref. 282. This figure is provided by A. Ianni.

14.11. Measurements of |Am2 | and 623, and related topics

31(32)

The first compelling evidence for the neutrino oscillation was v, disappearance
observed by the Super-Kamiokande Collaboration in 1998 [17] in the measurement
of atmospheric neutrinos produced by cosmic-ray interactions in the atmosphere. The
analysis was performed using the 2-neutrino mixing v, survival probability assuming
vy, — vr oscillations, Eq. (14.54) With l=pu, 0= 023, Am = 31 and x = 7 (or
Eq. (14.44) with | =1I' = u, n ‘Uﬂg‘Q = cos? 013 sin? B3 = sin” fa3). A striking
feature of atmospheric neutrino oscﬂlatlons was a surprisingly large mixing angle 0o3.
Whether mixing is maximal, i.e., #23 = 7/4, or, if not, in which octant 23 lies, is one
of the questions drawing much interest in neutrino physics because the measurement
of certain fundamental physical observables depends on the value of sin® fa3 (see, e.g.,
Sections 14.2 and 14.8.1). The high precision measurement of sin? 093 will provide also a
test of a large class of theories of neutrino masses and mixing, based, in particular, on
discrete symmetries (see, e.g., the first three articles quoted in Ref. 96 and Ref. 285).
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14.11.1. v, disappearance data :

Prior to the Super-Kamiokande’s discovery of atmospheric neutrino oscillations, a
deficit of atmospheric v, + 7, flux was indicated by the Kamiokande experiment [243].
Actually, Kamiokande reported the double ratio R(v,,/ve) = (Measured v, /ve)/(Expected
vu/ve)< 1 to reduce systematic effects due to rather large flux uncertainties. The
IMB [245] and Soudan 2 [247] experiments also observed R < 1, but the Frejus
experiment [246] did not see such a tendency. Kamiokande further observed zenith-
dependence of v, + 1, flux deficit [244]. However, all these results from early experiments
did not have conclusive statistical significance.

In 1998, the Super-Kamiokande Collaboration reported a significant zenith-angle (©)
dependent deficit of p-like events compared to the no-oscillation expectation [17]. For
multi-GeV (visible energy > 1.33 GeV) FC+PC muons, the asymmetry A, defined as
A= (U-D)/(U+D), where U is the number of upward-going events (—1 < cos® < —0.2)
and D is the number of downward-going events (0.2 < cos® < 1), was observed to be
A = —0.296 £ 0.048 £+ 0.01 which deviates from 0 by more than 6o. This asymmetry is
expected to be ~ 0 independent of the atmospheric neutrino flux model for neutrino
energy > 1 GeV. On the other hand, the zenith-angle distribution of the e-like events
was consistent with the expectation in the absence of oscillations. Fig. 14.11 shows the
compilation of zenith-angle distributions of e-like and p-like events from the Super-
Kamiokande atmospheric observation. Events included in these plots are single-ring FC
events subdivided into sub-GeV (visible energy < 1.33 GeV) events and multi-GeV events.
The zenith-angle distribution of the multi-GeV p-like events is shown combined with that
of the PC events. The final-state leptons in these events have good directional correlation
with the parent neutrinos. The dotted histograms show the Monte Carlo expectation for
neutrino events. If the produced flux of atmospheric neutrinos of a given flavour remains
unchanged at the detector, the data should have similar distributions to the expectation.
However, the zenith-angle distribution of the pu-like events shows a strong deviation from
the expectation. On the other hand, the zenith-angle distribution of the e-like events
is consistent with the expectation. This characteristic feature is interpreted that muon
neutrinos coming from the opposite side of the Earth’s atmosphere, having travelled
~ 10,000 km, oscillate into other neutrinos and disappeared, while oscillations still do
not take place for muon neutrinos coming from above the detector, having travelled from
a few to a few tens km. These results are in good agreement with v, < v; two-flavour
neutrino oscillations, because there is no indication of electron neutrino appearance. The
atmospheric neutrinos corresponding to the events shown in Fig. 14.11 have £ =1 ~ 10
GeV. With L = 10000 km, neutrino oscillations suggests Am? ~ 1073 — 1074 eV2. A
significant deficit of u-like events suggests a large mixing angle. Super-Kamiokande’s
initial results on the oscillation parameters for v, < v were 5 x 1074 < Am2 < 6x1073
eV? and sin?260 > 0.82 at 90% CL [17].

Although the Super-Kamiokande’s atmospheric neutrino data are consistent with
vy > vr oscillations, this interpretation will be strengthened if v appearance and
characteristic sinusoidal behavior of the v, survival probability as a function of L/E were
observed. In fact, other exotic explanations such as neutrino decay [286] and quantum
decoherence [287] cannot be completely ruled out from the zenith-angle distributions
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Figure 14.11: The zenith angle distributions for fully contained 1-ring e-like
and p-like events with visible energy < 1.33 GeV (sub-GeV) and > 1.33 GeV
(multi-GeV). For multi-GeV p-like events, a combined distribution with partially
contained (PC) events is shown. The dotted histograms show the non-oscillated
Monte Carlo events, and the solid histograms show the best-fit expectations for
vy < vr oscillations. (This figure is provided by the Super-Kamiokande Collab.)

alone. By selecting events with high L/FE resolution, evidence for the dip in the L/FE
distribution was observed at the right place expected from the interpretation of the
Super-Kamiokande’s data in terms of v, < v, oscillations [18], see Fig. 14.12. This
dip cannot be explained by alternative hypotheses of neutrino decay and neutrino

decoherence, and they are excluded at more than 30 in comparison with the neutrino
oscillation interpretation. For v, appearance, see Section 14.11.4.

The muon neutrino disappearance discovered by Super-Kamiokande has been confirmed
by atmospheric neutrino experiments, MACRO [248] and Soudan 2 [249], long baseline
accelerator experiments, K2K [19], MINOS [20,21], T2K [22,23], and NOvA [41],
and neutrino telescope experiments, ANTARES [253] and IceCube-DeepCore [255].
Fig. 14.13 shows 90% CL allowed regions in the sin®2693 - Am§2(31) plane, for the
case of normal mass ordering, reported by the T2K [43], NOvA [60], MINOS [289],
Super-Kamiokande [288], and IceCube-DeepCore [254] experiments. All these regions
are derived from three-neutrino oscillation analyses.
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Figure 14.12: Results of the L/E analysis of SK1-SK4 atmospheric neutrino data.
The points show the ratio of the data to the Monte Carlo prediction without
oscillations, as a function of the reconstructed L/E. The error bars are statistical
only. The solid line shows the best fit with 2-flavour v, < v; oscillations. The
dashed and dotted lines show the best fit expectations for neutrino decay and

neutrino decoherence hypotheses, respectively. (This figure is provided by the
Super-Kamiokande Collab.)

14.11.2. Octant of 023 :

The two-flavour v, survival probability in vacuum P?”(v, — v,,) is given by Eq. (14.54)
with { = p, 6 = 033 and Am? = Am%l. It is symmetric in the mixing angle # with
respect to § = 7 /4, or degenerate with respect to the interchange 6 < 7/2 — . In other
words, in the leading order the v, disappearance is not sensitive to the octant of the
mixing angle 6, namely, whether 6 lies in the first octant (# < 7/4) or in the second octant
(6 > m/4). This is the reason why sin® 2053 has been used in the neutrino oscillation
literature until recently. However, as the mixing determined by the angle f93 is known
to be nearly maximal, it is important to determine whether o3 = 7 /4, or if not, in
which octant #93 lies. As we have seen in Section 14.8, the value of sin? fa3 plays a very
important role in the determination of the neutrino mass ordering in the experiments with
atmospheric neutrinos and in long baseline neutrino oscillation experiments. It is also one
of the important parameters in the interpretation of the data on CP violation in neutrino
oscillations. The value of #23 might be related to the existence of a new underlying
fundamental symmetry of the neutrino mixing matrix and of the lepton sector of particle
physics (see, e.g., the first three articles quoted in Ref. [96]) . Precise determination of
o3 requires, e.g., precise measurements of v, disappearance and analyses in terms of
full three-neutrino oscillations, or combined analysis of v, disappearance and v, — v,
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Figure 14.13: The 90% confidence regions for the sinfg3 - Am%Q plane assuming
normal mass ordering derived from the T2K [43], NOvrA [60], MINOS [289],
Super-Kamiokande [288], and IceCube [254] experiments. This figure is taken from
[288].

appearance for v, and 7, beams.

MINOS [289] has made a combined analysis of the v, disappearance [290] and
vy — Ve appearance [47| data using the complete set of accelerator and atmospheric
neutrino data. The results obtained are |Am3,| = (2.28 —2.46) x 1073 eV? (68% CL) and
sin? B3 = 0.35—0.65 (90% CL) for normal mass ordering and |[Am3,| = (2.32—2.53)x 103
eV? (68% CL) and sin?fs3 = 0.34 — 0.67 (90% CL) for inverted mass ordering. The
best-fit value in this analysis, sin®6fa3 < 0.5 (f23 < m/4) is obtained for inverted mass
ordering.

Recently, NOvA [60] has made a precise measurement of v, disappearance
using the data corresponding to 6.05 x 1020 POT. Assuming the normal mass
ordering, Am%Q = (2.67+0.11) x 1073 eV? and two statistically degenerate values of
sin? O3 = 0.404f8:8§g and 0.624J:8:8§% are obtained. The NOvA results disfavor the
maximal mixing fo3 = 7/2 at 2.60 significance.

T2K, on the other hand, has accumulated the neutrino mode data corresponding
to 7.482 x 1020 POT and the antineutrino mode data corresponding to 7.471 x 1020
POT, and has made a combined analysis of v, and 7, disappearance and v, — Ve
and 7, — U appearance channels [43]. In this analysis, v, 7, ve, and 7e CCQE
(charged-current quasielastic event) candidates were selected from the far-detector data,
and a joint maximum likelihood fit of these four event samples has been performed to
estimate the oscillation parameters, sin? fas, Am%z, sin 63, and ¢ in the full three
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neutrino oscillation framework. (In the fit, the reconstructed neutrino energy FErec is
used for v, and 7, samples, and Erec and reconstructed angle between the lepton and
the neutrino beam direction frec are used for v and v, samples.) The T2K results
shown in Fig. 14.13 are obtained from this fit using the “reactor measurement” of
sin? 2013 = 0.085 £ 0.005 [291] and assuming normal mass ordering. The obtained best-fit
values are Am%Q = 2.545 x 1073 eV? and sin? 63 = 0.532. The T2K result is consistent
with maximal mixing. However, as the 68% CL interval for sin® g3 is 0.464 - 0.578, T2K
notes [43] that the tension between the the T2K and NOvA [60] measurements is rather
mild (1.7 o).

14.11.3. Comparison of v, disappearance and v, disappearance data :

The CPT symmetry requires neutrinos and antineutrinos to have the same masses and
mixing parameters. In vacuum, this means the same survival probabilities for a neutrino
and an antineutrino which have the same energy and which traveled the same distance.
In matter, v, and v, survival probabilities are different, but with the experimental
conditions of MINOS and T2K, which reported 7, disappearance in accelerator long
baseline experiments, the differences are small.

MINOS first observed muon antineutrino disappearance [292] with the NUMI beam
line optimized for 7, production. Actually, MINOS produced a “v,-dominated” or
“Uy-enhanced” beam by selectively focusing positive or negative pions and kaons. In
Ref. 290, MINOS reported the results of the neutrino oscillation analysis based on the
data obtained with 10.71 x 1020 POT of the v,-dominated beam and 3.36 x 1020 POT
of the 7,-enhanced beam. In addition, they used the atmospheric neutrino data based
on the MINOS far detector exposure of 37.88 kt-yr [250]. As the MINOS detector
has a capability to separate neutrinos and antineutrinos on an event-by-event basis,
it can use both v, and 7, contained events from the v,-dominated beam. From the
vy-enhanced beam, 7, contained events are used. For the complete data sets used, refer to
Ref. 290. Assuming the identical oscillation parameters for neutrinos and antineutrinos,
the results of the fit within the two-neutrino oscillation framework using the full
MINOS data sample yielded Am? = (2.41f8:?8) x 1073 eV?2 and sin220 = 0.950f8:8§2,
or sin? 20 > 0.890 at 90% CL. Allowing independent oscillations for neutrinos and
antineutrinos, characterised respectively by Am?2, § and Am2, 0, the results of the fit
are Am? = (2.50f8:%§) x 1073 eV? and sin® 20 = 0.97f8:8§, or sin? 20 > 0.83 at 90%
CL, and Am? - Am? = (0.12f8:§é) x 1073 eV2. This result shows that the neutrino and
antineutrino mass splittings are in agreement, which is compatible with CPT invariance.

T2K also observed 7, disappearance [293,294] using an off-axis quasi-monochromatic
v, beam peaked at ~ 0.6 GeV with the polarity of the horn current set to focus
negative pions. Using the same v, and 7, CCQE candidate events as used in Ref. 43,
T2K has made a simultaneous analysis of the neutrino and antineutrino disappearance,
allowing 623 # 03 and Am§2 #* Am§2 [294]. This simultaneous analysis is motivated
by a significant neutrino background in the antineutrino-mode running. A maximum
likelihood fit has been performed to the reconstructed energy spectra of u-like samples
observed in the Super-Kamiokande in the neutrino mode and antineutrino mode. In
this fit, 0 is fixed to O since it has a negligible impact on the disappearance spectra.
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Other oscillation parameters, 612, 613, and Am%l are assumed to be the same for
neutrinos and antineutrinos, and are treated as nuisance parameters. Matter effects,
though negligible, are included. Assuming the normal mass ordering, the best-fit
values (and 68% CL intervals) obtained for the v, disappearance parameters are
Am3, = 2.53 (2.40 — 2.68) x 1072 eV? and sin? 63 = 0.51 (0.44 — 0.59), and those
for 7, disappearance parameters are Am§2 = 2.55 (2.28 — 2.88) x 1073 eV? and
sin? fa3 = 0.42 (0.35 — 0.67). These results show that (i) they are consistent with the
MINOS v, disappearance results [292] and (ii) no significant differences are observed
between the values of v, and 7, oscillation parameters.

Note also that Super-Kamiokande searched for differences in oscillation parameters
for v, and 7, in atmospheric neutrino observations [295]. As Super-kamiokande cannot
identify v, and 7, on an event by event basis, this study relied on a statistical method to
fit the zenith-angle distributions of various event samples with different mixing parameters
between v, and 7, disappearance models. The results of this study showed no difference
between neutrino and antineutrino mixing.

14.11.4. v, appearance data :

Super-Kamiokande Collaboration searched for the appearance of 7 leptons from the
CC interactions of oscillation-generated v in the detector using the atmospheric neutrino
data [296,24]. In the 2-neutrino mixing framework, the relevant v, — v; oscillation
probability is given by Eq. (14.54) with | = p, * = 7, § = 63 and Am? = Am%l.
An excess of 7-like events is expected in the upward-going direction. Though the
Super-Kamiokande detector cannot identify a CC v, interaction on an event by event
basis, the Super-Kamiokande Collaboration excluded the no-tau-appearance hypothesis
at the 3.8c level through a neural network analysis on the zenith-angle distribution of
multi-GeV contained events [24].

For the purpose of demonstrating the appearance of tau neutrinos on an event-by-event
basis, a promising method is an accelerator long-baseline experiment using emulsion
technique to identify short-lived 7 leptons produced in the v CC interactions. OPERA
adopted this strategy and searched for the appearance of v, in the CNGS muon neutrino
beam during 2008 and 2012, corresponding to a live exposure of 17.97 x 101 POT
in total. In 2010, OPERA reported observation of the first v, candidate [173]. In
2015, OPERA has reported observation of the fifth v, candidate [297]. The observed
candidate events are classified into the four decay channels, 7 — 1h (hadronic 1-prong),
7 — 1h (hadronic 3-prong), 7 — u, and 7 — e, and expected signal and background
events are calculated for each decay channel. The expected total signal and background
events are, respectively, 2.64 +0.53 and 0.25 4+ 0.05. With 5 events observed, the OPERA
Collaboration concludes the discovery of v appearance with a significance larger than 5o.
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14.12. Measurements of 013

The discoveries of atmospheric neutrino oscillations and solar neutrino oscillations
naturally led to considerable interests in the measurements of the last neutrino mixing
angle 013, because if #13 is not too small, it will widen the opportunities to measure the
unknown CP-violating phase ¢ in the PMNS matrix and the neutrino mass ordering.

In 2012, the three reactor neutrino oscillation experiments Double Chooz, Daya Bay,
and RENO reported their first results on 7, disappearance. Under the conditions of these
experiments the probability of reactor v, survival is given to a very good approximation
by Eq. (14.45) (the effects of Am3; being negligible) and depends on two parameters
sin? 2613 and Am%l. Daya Bay obtained sin® 2613 = 0.092 4+ 0.016 & 0.005 from live-time
exposure in 55 days, indicating 5.20 evidence for non-zero 13 [33]. RENO obtained
sin? 26013 = 0.113 £+ 0.013 £ 0.019 from 229 days of exposure, also indicating non-zero 613
with a significance of 4.90 [34]. Both Daya Bay and RENO results were obtained from
rate-only analyses of the 7, disappearance measurements with near and far detectors.
These results established non-zero 613, and it turned out that the measured value of 613
was relatively large. It should be noted that prior to Daya Bay and RENO, Double Chooz
also reported sin® 2013 = 0.086 & 0.041 + 0.030 with measurements by a far detector, and
it ruled out the no-oscillation hypothesis at the 94.6% CL [32].

The latest Daya Bay results [44] are obtained based on the combination of 217
days (December 2011 - July 2012) of measurement with six antineutrino detectors
and a subsequent 1013 days (October 2012 - July 2015) of measurement with eight
detectors. The Daya Bay collaboration has adopted the three-flavour oscillation scheme
and analyzed the relative antineutrino rates and energy spectra between detectors using
a method to predict the signal in the far hall based on measurements obtained in the
near halls. With this method, they have minimized the model dependence on reactor
antineutrino emission. Also, improvements in energy calibration (0.2% between detectors)
and background estimation helped reduce systematic errors. Their reported new result,
sin220;5 = 0.0841 4 0.0027 + 0.0019 is the most precise measurement of #;3 to date. To
obtain this result, they used sin?2612 = 0.846 + 0.021 and Am2; = (7.53 £ 0.18) x 107°
eV? [291], but the dependence on these parameters is weak. They also found for
the effective mass-squared difference |Am2,| = (2.50 & 0.06 £ 0.06) x 1073 eV?, where
Am2, ~ cos? 013|Am3, | + sin? 13| Am3,|. From the measured value of |[AmZ,|, they
deduce Am%Q = (2.45 £ 0.06 + 0.06) x 1073 eV? for the normal mass ordering and
Am§2 = —(2.56 + 0.06 & 0.06) x 1072 eV? for the inverted mass ordering. These results
on Am§2 are consistent with the T2K and MINOS results.

The latest RENO results are reported at TAUP2017 [45] based on 1500 live days of
data. Using the observed IBD prompt rates and spectra in the near and far detectors,
sin?2013 = 0.086 £ 0.006 £ 0.005 and [AmZ.| = (2.617012 + 0.09) x 1073 eV? have been
obtained.

The latest results from Double Chooz using the data collected by the far detector in
467.90 live days have been published in Ref. 46. From a fit to the observed spectrum
(“Rate + Shape analysis”) in the two-flavour oscillation scheme, Double Chooz obtained
sin2613 = 0.090f8:8§3 for the normal mass ordering using Am%l = (2.44Jj8:(1)8) x 1073 eV?
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from MINOS [289]. For the inverted mass ordering, they obtained sin?26;3 = 0.092Jj8:8§’g,
using |[Am3, | = (2.38f8:(1)8) x 1073 eV? [289].

Until 613 was measured by the modern reactor experiments, long-baseline accelerator
v, — Ve appearance experiments were considered to be another promising method to
measure 613, within uncertainties mainly caused by unknown CPV phase §. In fact,
experimental indications of v, — v, oscillations and a non-zero 613 was reported by the
T2K experiment in 2011. T2K observed, with 1.43 x 10%° POT, six v, candidate events,
while the expectation for #13 = 0 was 1.5 £+ 0.3 events. This result implied a non-zero 63
with statistical significance of 2.50 [30]. However, because of the unfortunate damage of
the J-PARC accelerator caused by the big Tohoku earthquake which hit Japan in March
2011, the T2K experiment stopped for more than a year, and it was in 2014 that T2K
could establish non-zero 613 at more than 7o [48]. Thereafter, the focus of long baseline
accelerator v, — V. appearance experiments shifted to the measurement of the CPV
phase 9.

14.13. v, — v, (P, — Ue) appearance data and measurements of §

As Eq. (14.74) shows, the probability of v, — v, oscillations in matter

is given as a function of all the oscillation parameters including the sign of Am%l,
i.e., mass ordering. Using the measured values of A3 from the reactor experiments
and Am%l and 612 from the solar neutrino experiments and KamLAND as constraints,
accelerator-based long baseline experiments are able to measure the CPV phase § and
constrain mass ordering through oscillation analyses of v,, — v, and 7, — V. appearance.
In these analyses, in particular in the simultaneous analyses of v, (and 7.) appearance
and v, (and 7,) disappearance, f23 and Am§2 & Am%l are also better determined.

MINOS first used a combination of the v, — v, (and 7, — 7Ue) appearance
measurements and the reactor measurements of 613 to study J, #23 octant, and mass
ordering, and placed some constraints on the value of § [47]. For this study, MINOS
extracted v, — ve and v, — U, appearance signals statistically from the full MINOS data
sample corresponding to 10.6 x 1020 POT v-beam mode and 3.3 x 1020 POT 7-beam
mode data-taking.

As noted in Section 14.12, T2K first reported observation of v, — v, appearance
events in 2011 [30]. After the interruption due to the Tohoku earthquake, the resumed
T2K experiment has accumulated v, — v, appearance data. In 2014, T2K reported
observation of 28 v, events against 4.92+0.55 expected background events with 1.43 x 1020
POT, and established v, — v, appearance signal with statistical significance of more than
7o [48]. Also, T2K made an oscillation analysis using the v, appearance data [48], or
joint analyses of v appearance and v, disappearance [298] with a constraint of 613 value
from reactor measurements. Later, T2K switched the data-taking with a v, beam to that
with a 7, beam. As discussed in Section 14.11.2, T2K further made a combined analysis
of v, and 7, disappearance and v, — v and 7, — U appearance channels [43] using
the neutrino-mode data corresponding to 7.482 x 1020 POT and the antineutrino-mode
data corresponding to 7.471 x 1020 POT. As the appearance signal, 32 v, and 4 7
CCQE event candidates are selected from these data. T2K further added five v, CCln™T
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events selected from the same data set used in Ref. 43 and made another combined
analysis [299]. Fig. 14.14 shows —2A1In L as a function of d, resulted from a joint
maximum-likelihood fit, in which other oscillation parameters and nuisance parameters
are marginalized (integrated over the prior probability density function). In this analysis,
CP-conserving values § = 0, 7 are excluded at 90% CL.

More recently, in August 2017, T2K announced the latest results with doubled POT
for the neutrino-mode data taking [300]. With an improved event selection in the
Super-Kamiokande in addition, T2K has observed 74 v, and 7 v CCQE event candidates.
A combined oscillation analysis using the reactor measurement of #1353 has now resulted
the CP conserving values of 6 = 0 and 7 falling outside of the 20 CL intervals for both
the normal and inverted mass orderings.
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Figure 14.14: T2K’s log-likelihood as a function of 6 p for the normal (black) and
inverted (red) mass ordering, obtained from a combined analysis of neutrino and
antineutrino oscillations using both appearance and disappearance channels. The
vertical lines show the corresponding allowed 90% confidence intervals, calculated
using the Feldman-Cousins method. sin? 63 is marginalized using the reactor
measurement as prior probability using the value of PDG 2015 [291]. This figure is
taken from [299].

NOvA started physics run in February, 2014, and reported its first result of v,
appearance measurement in 2016 [40]. Since then, NOvA has accumulated more data,
and recently reported observation of 33 1, candidates withh 8.2 + 0.8 background events
corresponding to 6.05 x 102° POT [42]. NOwvwA has made a combined analysis of v,
appearance and v, disappearance data, using the reactor measurement of 613 as a
constraint. Fig. 14.15 shows the significance (o) at which each value of ¢ is disfavored.
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As the NOvA measurement of sin®fo3 has two statistically degenerate values (see
Section 14.11.2), the significance is shown for four possible combinations of mass ordering
(normal or inverted) and €3 octant (first/lower or second/upper). As seen from this
figure, there are two degenerate best-fit points for normal mass ordering, sin® 63 = 0.404
and § = 1.487 and sin® ez = 0.623 and § = 0.747. The inverted mass ordering in the
first octant is disfavored at > 93% for all the value of §.
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Figure 14.15: Significance (o) at which each value of dop is disfavored for each
of the four possible combinations of mass ordering: normal (blue) or inverted
(red), and 623 octant: lower (solid) or upper (dashed), by the combination of v,
appearance and NOvA’s latest v, disappearance measurement. This figure is taken
from [42].

14.14. Search for Oscillations Involving Light Sterile Neutrinos

Although the mixing of the 3 flavour neutrino states has been experimentally well
established, implying the existence of 3 light neutrinos v; having masses m; not exceeding
approximately 1 eV, there have been possible hints for the presence in the mixing of
one or more additional neutrino states with masses at the eV scale. If these states exist,
they must be related to the existence of one or more sterile neutrinos (sterile neutrino
fields) which mix with the active flavour neutrinos (active flavour neutrino fields).
The hints under discussion have been obtained: i) in the LSND 7, — 7, appearance
experiment [259], in which a significant excess of events over the background is claimed
to have been observed, ii) from the analysis of the

Uy — Ve [262] and v, — ve [261] appearance data of the MiniBooNE experiment, iii)
from the re-analyses of the short baseline (SBL) reactor neutrino oscillation data using
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newly calculated fluxes of reactor v, [156,155], which show a possible “disappearance”
of the reactor 7. (“reactor neutrino anomaly”), and iv) from the data of the radioactive
neutrino source measurements of the GALLEX [241] and SAGE [242] solar neutrino
experiments.

The short baseline neutrino oscillation experiment MiniBooNE at Fermilab investigated
Ve [261] and 7. [262] appearance in v, and 7, beams, respectively, with a detector
containing 800 tons of mineral oil and located 541 m downstream of the production target.
With the antineutrino running mode [262], a 2.80 excess of events over the background
was observed in the energy range of 200 < E,, < 1250 MeV in the charged-current
quasielastic data. Excess events were observed, in particular, in the interval of energies
200 < E, < 475 MeV, which corresponds to L/E range outside of that probed in the
LSND experiment. The origin of this excess is not understood. Employing a simple
2-neutrino oscillation hypothesis and using the data from the entire neutrino energy
interval 200 < E,, < 1250 MeV in the data analysis, this result, interpreted in terms of
vy, — Ve oscillations, corresponds to an allowed region in the sin? 20 — Am? plane, which
overlaps with the allowed region obtained from the interpretation of the LSND data in
terms of 7, — Ve oscillations. The overlap region at the 90% CL extends over Am? ~
a few x1072 eV? at sin?20 = 1 to 1 eV? at sin?20 = a few x1072. The MiniBooNE
Collaboration studied also the CP conjugate oscillation channel [261], v, — ve, and
observed a 3.4 o excess of events in the same energy range. Most of the excess events lie
in the interval 200 < E,, < 475 MeV and are incompatible with the v, — 7. oscillation
interpretation of the LSND data. The energy spectra of the excess events observed in the
vy [261] and 7, [262] runs are only marginally compatible with each other and thus with
the simple 2-neutrino oscillation hypothesis.

The reactor neutrino anomaly [156] is related to the results of a new and very detailed
calculation of the reactor v, fluxes [155] which were found to be by approximately
3.5% larger than the fluxes calculated in Ref. 153 and widely used in the past in the
interpretation of the data of the SBL reactor 7, oscillation experiments. These data show
indications for reactor v, “disappearance” when analyzed using the fluxes from [155].
It should be added that there are a number of uncertainties in the calculation of the
fluxes under discussion (associated, e.g., with the weak magnetism term contribution to
the corresponding (-decay rates [157], the contribution of a relatively large number of
“forbidden” (-decays [301], etc.) which can be of the order of the difference between the
“old” and “new” fluxes.

Radioactive neutrino source measurements of the GALLEX [241] and SAGE [242]
experiments also showed a deficit of the measured fluxes compared to the expected fluxes
(“Gallium anomaly”), and therefore might be interpreted as hints for v, disappearance.

Significant constraints on the parameters characterizing the oscillations involving sterile
neutrinos follow from the negative results of the searches for v, — v and/or v, — Ve
oscillations in the Karmen [260], NOMAD [302], ICARUS [258], and OPERA [303]
experiments, and from the nonobservation of effects of oscillations into sterile neutrinos
in the solar neutrino experiments and in the studies of v, and/or 7,, disappearance in the
CDHSW [304], MINOS and SuperKamiokande experiments.

In the period May 2016 - May 2017 results of searches for active-sterile neutrino
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oscillations with Am? ~ 1 eV? were presented by the IceCube [305], NEOS [306] and
DANSS [307] experiments. The IceCube collaboration reported results on disappearance
into sterile antineutrinos 75 of atmospheric ¥, with energies in the interval E, ~(300
GeV - 10 TeV), which traverse the Earth before reaching the detector. For Earth core
crossing vy, the v, — s transitions at small mixing angles and Am? ~ (0.1 —1.0) eV?2
can be maximally enhanced at E, ~3 TeV by the Earth mantle-core amplification
(or NOLR) effect [190,196]( see also [308]) . This allowed the IceCube collaboration
to obtain stringent limits on the relevant 7, — s mixing parameter in the region
Am? ~ (0.1 — 0.6) eV? assuming two-neutrino mixing (for further details see [305,308]) .

The NEOS and DANSS collaborations performed searches of reactor v, disappearance
into 7s. The NEOS experiment [306] used a 1 ton Gd loaded liquid scintillator detector
located at a distance L = 24 m from the core of a reactor with thermal power of 2.8 GW,
belonging to the Hanbit nuclear power complex in Yeonggwang, South Korea. In the
DANSS experiment at the Kalinin nuclear power plant in Russia [307] the measurements
were performed with a movable 0.9 ton segmented solid scintillator detector at 3 different
distances from the core of a 3 GW reactor, spanning the (center to center) interval (10.7 -
12.7) m. The detector consists of 2500 scintillator strips, covered with gadolinium loaded
reflective paint and read out by silicon PMs via wave length shifting fibers.

In the same period the Daya Bay, MINOS and Bugey-3 collaborations published results
of a joint analysis of their disappearance data [309].

Two possible “minimal” phenomenological models (or schemes) with light sterile
neutrinos are widely used in order to explain the data discussed in this section in terms of
neutrino oscillations: the so-called “3+ 1”7 and “3 4 2” models. They contain respectively
one and two sterile neutrinos (right-handed sterile neutrino fields). Thus, the “3 41" and
“3 + 27 models have altogether 4 and 5 light massive neutrinos v;, which in the minimal
versions of these models are Majorana particles. The additional neutrinos v4 and vy, vs
should have masses my and my, ms at the eV scale (see below). It follows from the data
that if v4 or vy, vy exist, they couple to the electron and muon in the weak charged lepton
current with couplings Ugy, and U, k = 4; 4,5, which are approximately |Uer| ~ 0.1
and |Up| ~ 0.1.

In the context of the “3+1” model, the Daya Bay Collaboration searched for relative
spectral distortion in their reactor antineutrino data, due to possible mixing of a light
sterile neutrino in the |Am?,| < 0.3 eV2 region [310]. The result is consistent with no
sterile neutrino mixing, leading to the most stringent limits on sin014 = |Ue4|2 in the
1073 eV2 < |Am32,| < 0.1 eV? region.

Global analysis of all the data (positive evidences and negative results) relevant for
the test of the sterile neutrino hypothesis were performed most recently in [311]( for
earlier results of global fits see, e.g., Ref. [312] and Ref. [313]) . The authors of [311]
performed the analysis within the 3 + 1 scheme employing the so-called “pragmatic
approach”, i.e., excluding from the data set used the MiniBooNE data at E,, < 0.475
GeV. As we have already mentioned, these data show an excess of events over the
estimated background [261,262] whose nature is presently not well understood. For
the best fit values of the parameters |Ugl|?, |UM4|2 and Am%BL =mj — m?nm, where
Mmin = min(m;), j = 1,2,3, characterizing the active-sterile neutrino (antineutrino)
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oscillations in the 3 4+ 1 scheme, the authors of [311] find:

Uea|> = 0.019, |Uual® =0.015, Amip =1.7 eV2. (14.105)

The existence of light sterile neutrinos has cosmological implications the discussion of
which lies outside the scope of the present article (for a discussion of the cosmological
constraints on light sterile neutrinos see, e.g., [314,75]) .

The hypothesis of existence of light sterile neutrinos with eV scale masses and charged
current couplings to the electron and muon quoted above, is already being tested, as we
have discussed, in a few running experiments, and will be tested in a large number of
experiments with reactor and accelerator neutrinos, and neutrinos from artificial sources,
some of which are under preparation and are planned to start taking data already this
(2017) year (see, e.g., [315] for a detailed list and discussion of the planned experiments).

14.15. Outlook

The currently available data on neutrino oscillations are summarised in Fig. 14.16.

The program of experimental research in neutrino physics extends beyond 2030 (see,
e.g., Refs. [91,93,94,82,83,84,85])

In the coming years we expect a wealth of new data that, it is hoped, will shed light on
the fundamental aspects of neutrino mixing: the nature - Dirac or Majorana - of massive
neutrinos, the type of spectrum the neutrino masses obey, the status of CP symmetry in
the lepton sector, the absolute neutrino mass scale, the origin of the observed patterns
of the neutrino masses and mixing, and, eventually, on the mechanism of neutrino mass
generation. We are looking forward to these exciting developments in neutrino physics.
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