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Abstract

The historical discovery of neutrino oscillations using solar and atmospheric neutrinos, and subsequent
accelerator and reactor studies, has brought neutrino physics to the precision era. We note that CP effects
in oscillation phenomena could be difficult to extract in the presence of unitarity violation. As a result
upcoming dedicated leptonic CP violation studies should take into account the non-unitarity of the lepton
mixing matrix. Restricting non-unitarity will shed light on the seesaw scale, and thereby guide us towards
the new physics responsible for neutrino mass generation.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Particle physics has seen two historic discoveries in less than twenty years: the confirmation
of the mechanism of electroweak symmetry breaking [1] and the discovery of neutrino oscilla-
tions [2—6], both deservedly honored with the Nobel prize. The unification paradigm [7,8] and
the good behavior of the electroweak breaking sector, including naturalness, perturbativity and
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stability [9], have so far provided a strong theoretical motivation for new physics. Other hints are
the understanding of flavor and the unification with gravity, in addition to the challenges posed
by cosmological observations associated to dark matter, dark energy and inflation. Last, but not
least, the need to account for non-zero neutrino mass [10,11] plays a key role in the quest for
new physics [12].

The most popular mechanism of neutrino mass generation ascribes the smallness of neutrino
mass as resulting from the exchange of heavy messenger particles, such as right-handed iso-
singlet neutrinos and/or iso-triplet scalar bosons, known as the seesaw mechanism [12]. When
formulated at low-scale this naturally implies new effects in neutrino propagation that go be-
yond the oscillatory behavior, as explained below. In particular, future neutrino experiments will
face the challenge of disentangling “conventional” CP violation with that associated to the non-
unitarity of the lepton mixing matrix, which in turn results as an indirect effect of the extra neutral
heavy right-handed neutrinos.

In what follows, we briefly review current neutrino oscillation parameters and describe novel
effects associated to right-handed neutrino admixture in the charged current weak interaction,
expected in low-scale seesaw schemes, purely in the context of the SU(3), ® SU2), ® U(1)y
paradigm. We also recompile current limits on right-handed neutrino mass and mixing parame-
ters.

2. Three neutrino mixing and oscillations

Generic neutrino mass schemes require interactions associated to new Yukawa couplings that
do not commute with those of the charged leptons, leading to the phenomenon of mixing in the
charged current weak interactions, analogous to the CKM mixing of quarks [13]. However, as
we will see its structure can be richer.

2.1. Lepton mixing matrix for Dirac neutrinos

The mixing of leptons arising from the non-simultaneous diagonalizability of the Dirac neu-
trino and charged lepton mass matrices is given by an arbitrary unitary matrix

3
U=wo) [ o) . )
i<j
where each of the w factors is effectively 2 x 2, characterized by an angle and a corresponding
CP phase, e.g.

C13 0 e_i¢13513
w13 = 0 1 0 ; 2
—e””'3s13 0 13

while wo(y) is an arbitrary diagonal unitary matrix. In complete analogy with the standard model
quark sector we can use the phase redefinition freedom for neutral and charged leptons to show
that only one independent CP phase remains for the three Dirac neutrinos. To find this rephasing
invariant parameter we use the conjugation property [14]

P~ U P = w33(623; 923 — B) w13(613; h13 — @) 012(012; p12 + B — ), 3)
with P = diag(e'®, €'#, 1), which allows us to identify [15],
3 d13—d12— 3. “4)
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The form of the lepton mixing matrix in this case is the same as the CKM matrix describing the
mixing of quarks.

2.2. Lepton mixing matrix for Majorana neutrinos

The case of 3 x 3 unitary lepton mixing matrix arises, for example, if the light neutrino masses
result from the exchange of iso-triplet scalar messengers through Type Il seesaw [14] (see below).
Within the symmetric parametrization the mixing matrix has the form

U = w23(623; $23) w13(013; ¢13) w12(012; 912) , ®)

where the diagonal unitary matrix wo(y) is eliminated by rephasing the charged leptons but
no rephasing of the neutrinos is possible, leading to two extra phases in the mixing matrix U
compared with the previous case [14]. Explicitly, the matrix U can be written as:

4 c12¢13 ' siacize” 01 s13¢7013
U= —312('236.”]512 - c12s13s23e_’(¢23'_4’13) 12623 —_312s13s23e_’(‘7’12+fb23_¢13) c13sa3e”i923 |,
512523€ @127923) — 15513003 P13 125936923 — 51551300301 (P127013) €13¢23

(6)

Although they do not show up in oscillations, the “Majorana” phases will affect lepton num-
ber violation processes such as OvBB [16,17]. It has been noticed that this fully symmetrical
presentation is more convenient for the description of Qv decay that the PDG form [15] (see
below).

2.3. Status of the three neutrino picture

Neutrinos from natural sources like the Sun, and from the interaction of cosmic rays with
the Earth’s atmosphere gave us the first indications for neutrino conversion. Neutrinos are also
produced in the laboratory, both at accelerators as well as nuclear reactors. The disappearance
of muon neutrinos over a long-baseline probing the same region of squared mass splitting rele-
vant for atmospheric neutrinos has been obtained in accelerator neutrino oscillation experiments,
starting with the KEK to Kamioka (K2K) neutrino oscillation experiment, the MINOS Experi-
ment using the NuMI Beam-line facility at Fermilab, and currently the T2K (Tokai to Kamioka)
experiment in Japan and the NOVA experiment in the USA. These have also substantially helped
in determining the neutrino parameters with a high level of precision [18-22].

The results of solar neutrino experiments have also been confirmed by reactor neutrino stud-
ies at the KamLAND experiment [6]. More sensitive experiments such as Double Chooz [23],
RENO [24], and Daya Bay [25] have confirmed that 6;3 is nonzero. Particularly Daya Bay has
now provided a precision measurement of 613 [25], one of the most important results in the field
in this decade. Altogether, neutrino physics is now a mature branch of science, in which the
three neutrino mixing angles as well as the two squared mass differences have been determined
with high precision. The current status of the determination of the solar, atmospheric, reactor
and accelerator neutrino oscillation parameters is summarized in Fig. 1, taken from Ref. [11],
where the solid and dashed curves refer to the normal and inverted mass ordering. These include
data from a number of solar neutrino experiments [26—35] and atmospheric data from the Super-
Kamiokande experiment, described in Ref. [36]. All of these experiments have been taken into
account in the results summarized here, as well as in other similar studies, all of which agree
at the 30 level [37,38]. One sees that for the case of 63 there is still room for improvement.
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Fig. 1. Neutrino mixing angles and squared mass differences, as determined from the global analysis in Ref. [11]. The

normal hierarchy case is shown with solid lines; dashed lines are used for inverted hierarchy.

Concerning the standard Dirac CP phase, § in Eq. (4), at the moment there is only a hint that
it is non-vanishing. Finally, notice that oscillation experiments provide no information on the
absolute neutrino mass scale, nor on the values of the Majorana phases.

2.4. Robustness of neutrino oscillations

How robust is the oscillation interpretation of current neutrino data? So profound is the dis-
covery of neutrino oscillations and the determination of neutrino oscillation parameters that it
requires careful consideration of any possible loopholes. The good agreement between the stan-
dard solar model sound speed profile and helioseismology results substantially constrain possible
astrophysical uncertainties [39,40]. Yet the effect of varying solar neutrino fluxes has been widely
discussed, without substantial impact on the neutrino oscillation parameters. However, although
experiments are now measuring neutrino fluxes to within a few percent, helioseismic studies
have reached accuracies of about a few parts in a thousand. Hence, it is not inconceivable that
discrepancies might eventually show up [39,40].

Uncertainties associated with the possibility of solar density fluctuations were first suggested
in the late nineties [41,42]. Such fluctuations deep within the Sun could have a resonant origin
from magnetic fields in the radiative zone [43]. Direct helioseismic tests are not necessarily in
conflict with such variations, since they are not sensitive to fluctuations with size around several
hundreds of kilometers to which neutrino oscillations are sensitive [44,45]. Indeed, it has been
shown that the effect on solar neutrino oscillations can be important. However, the measurement
of neutrino properties at KamLAND provides valuable independent information which can, in
fact, be used to probe the deep solar interior [46]. Solar neutrino measurements from SNO are
now sufficiently precise that neutrino oscillation parameters can be inferred independently of
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Fig. 2. In the Type-I seesaw the neutrino mass is induced from the fermion exchange, while Type-II corresponds to scalar
boson exchange.

any assumptions about fluctuation size [47]. In fact the fluctuation amplitudes above 5% now
excluded if their correlation lengths lie in the range of several hundred km.

Magnetic fields in the solar convective zone can cause spin-flavor precession and produce a
solar v, flux [48,49]. The robustness of the oscillation hypothesis has also been analyzed in this
context. It has been shown that v, production can be greatly enhanced for the case of random
magnetic fields [50]. The search for anti-neutrinos from the Sun can be used to constrain the
neutrino magnetic moments [51]. In summary, laboratory oscillation studies not only give a cru-
cial confirmation of the solar neutrino oscillation hypothesis, ruling out exotic solutions, but also
establish the robustness of large mixing angle oscillations [52,53].

3. Seesaw paradigm

As the only electrically neutral standard model fermions, neutrino mass generation could be
different from the standard Higgs mechanism. In particular neutrinos could be light as a result
of their Majorana nature. Indeed, unless prevented by basic symmetries such as electric or color
charge [14], fermions are intrinsically two-component objects. The emergence of Dirac neu-
trinos, would then signal extra symmetry assumptions. For example one could assume lepton
number conservation directly, or some extended symmetry that implies the conservation of lep-
ton number, as some specific flavor symmetries [54]. Moreover, following Weinberg, we note the
simplest operator capable of inducing neutrino masses is a unique dimension-5 operator, gener-
ally implying lepton number violation and Majorana neutrinos. In fact mechanisms with Dirac
neutrino masses might be an indication for physics beyond four dimensions [55].

The most popular way to induce Weinberg’s dimension-5 operator is through the so-called
seesaw mechanism, which represents a huge variety of possible schemes. The first case is called
pure Type-I while the second is pure Type-II, a terminology opposite of the original one sug-
gested in [14], see Fig. 2. Note that the Type-I seesaw mechanism corresponds to having the
neutrino mass induced from fermion exchange. In this case, as we will see, neutrino oscillations
are effectively described by a non-unitary lepton mixing matrix.

Given the arbitrariness in the number and transformation properties of extra fermions (for
example, the number of right-handed neutrinos is arbitrary, since they carry no anomaly [14])
the seesaw mechanism can be realized at low scale [56-60]. In this case the messenger parti-
cles may be indirectly probed through rare lepton flavour violation decay processes [61-66] and
electroweak precision physics [67-69], or be directly produced at collider experiments [70,71].

Before closing this section, let us mention that seesaw extensions of the standard model may
have deep implications for new physics, ranging from neutrino physics stricto sensu to other
aspects of particle physics and cosmology. In particular, the presence of new scalars required
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in order to break lepton number may affect the stability of the electroweak breaking [72,73].
Moreover, extra scalars can also induce new contributions to “visible” standard model Higgs
decays, such as the & — yy and possibly account for new hints, such as the recent diphoton
anomaly [74,75]. There may also be novel Higgs decay channels involving the emission of the
Nambu—-Goldstone boson associated to spontaneous lepton number violation and neutrino mass
generation [76-78].

4. Non-unitary lepton mixing and seesaw mechanism

The two-component right-handed neutrinos are singlets under the SU(3), ® SU(2);, @ U(1)y
symmetry and hence can acquire potentially large gauge invariant masses, breaking total lep-
ton number symmetry. This opens the possibility of generating light neutrino Majorana masses
through the exchange of heavy right-handed neutrinos, the so-called Type-I seesaw mechanism.
This implies that, in addition to the presence of Majorana phases, the lepton mixing matrix will
also couple sub-dominantly the heavy states, leading to a rectangular form for the “PMNS” ma-
trix [14]. These couplings enable the production of the right-handed neutrinos by the charged
current weak interaction if the kinematics allows, possibly at the LHC. In most other cases, how-
ever, such as oscillations, the heavy states can not participate due to kinematics. As a result, the
charged current weak interactions of the light (mass-eigenstate) neutrinos are described by an
effective non-unitary mixing matrix.

In order to find the most convenient parametrization for the matrix N describing non-unitary
neutrino propagation we start from the unitary matrix U"*" describing the neutrino diagonaliza-
tion matrix. In the symmetric parametrization the products of the complex matrices w;; in Eq. (2)
can be chosen in the most convenient way as

X
U =wp—1n Op—2n - Olp Op—2p—1 Op—3p—1 .. Olp—1 ... 233 O3 O12. (7N

Following the notation in [79] we break up this matrix U"*" as

nxn _ (NS
(3 3)

where N is a 3 x 3 matrix in the light neutrino sector and S describes the couplings of the
extra n — 3 isosinglet states, expected to be heavy. The matrix U"*" can be neatly expanded in
perturbation theory [80]. With the ordering shown in Eq. (7) the submatrix N can be decomposed
as

11 0 0
N=N"U=|a an 0 |U, 9)
3] O3 (33

with U the usual unitary 3 x 3 leptonic mixing matrix. The latter may be expressed as prescribed
by the Particle Data Group [81] or in our fully symmetric description, particularly useful for our
analyses [15], namely,

U=wr3wi3wi2. (10)

Note that Eq. (9) gives the most general and convenient description of the lepton mixing ma-
trix relaxing the unitarity approximation, and holds in any seesaw scheme. Notice that in this
factorized form the left pre-factor matrix, N NP characterizes the unitarity violation. Notice that
the oscillations of the electron and muon neutrino flavors are described by just four extra pa-
rameters, the two real diagonal entries o1 and ap; plus the complex off-diagonal parameter o
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which contains a single additional effective CP phase parameter. In other words only one phase
combination enters the “relevant” neutrino oscillation experiments (next section). This important
property holds irrespective of the number of extra heavy leptons present. Hence, by conveniently
choosing the product ordering of the complex rotation matrices, we obtained a parametrization
that concentrates all the information relative to the additional neutral heavy leptons in a compact
and simple matrix that contains three zeroes.

Notice also that, because of the chiral nature of the SU(3)., ® SU2); ® U(1)y model, the
couplings of the n neutrino states in the charged current weak interaction will form a rectangular
matrix [14], that is,

K=(N §), (11)

where the first block corresponds to the three active neutrinos and the second is associated to the
other states. The unitarity condition will be replaced by the relation

KK'=NNT+8s"=1, (12)
with
0‘%1 aras, anog)
NNT=| anoar @3 +laal>  anad, +aned, |- (13)

2 2 2
ap1031 o3 +azias; ags + las]C + s
Besides being described by a triangular matrix, another advantage of the parametrization is
that the large number of mixing angles and phases coming from any number of extra heavy
isosinglets can be reconstructed by relatively simple formulas. This is particularly true for the
diagonal elements, «;;, which are expressed as

®11 =C1n C1n-1C1n-2--.Cl4,

022 =C2n €2n—1€2n—2 - - . C24,

033 =C3n C3p—1C3n—2 - .- C34, (14)
where ¢;; = cos6;;, the cosines of the mixing parameters are real. For the off-diagonal terms,
o721 and a3y, there is also a general and simple formula, given as the sum of n — 3 terms

21 =C2p C2n—1--.C25MN24714 + C2p -..C26M25N15Cl4 + ...

+ MnMfin Cin—1Cin-2 . Cl14,

A3 =C3,C3p—1...C35034724 + C35 ...C36M35725Co4 + ...

+ M3nT2n C2n—1 Con—2 - C24. (15)
These parameters will be complex, and the CP phase information will be encoded in the param-
eters n;; = e~ sin 0;; and its conjugate 7);; = —e'%ii sin 0;;. Finally, for the a3 case, we can
neglect quartic terms in siné;;, with j =4, 5, --- and find the expression

Q31 =C3,C3p—1...C35N34C24714 + C3p ...C36M35C25N15C14+ ...
+ M30C2uM1n Cln—1 Cla—2 --- Cl4- (16)

In order to generate a realistic neutrino spectrum at the tree level the Type-I seesaw mechanism
requires two right-handed neutrinos. However in the presence of extra Higgs bosons (such as
triplets present in Type II seesaw) this is not required. For the simple case of a single extra
right-handed neutrino the above expressions give
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Fig. 3. Bounds on the charged current coupling strength of a heavy isosinglet lepton of mass m; with the electron
neutrino. The green vertical band indicates the lower part of the mass region favored on theoretical grounds, while the
horizontal band shows the bound from weak universality. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

ajp =ci4 a1 =124 114 ,
a0 =C24 a3 = 134124 ,
33 =c34, Q3] =134C24 114 - (17)

Specific expressions for various other interesting seesaw schemes with 3 and 6 heavy leptons
are also given in Ref. [82]. The couplings of the heavy right-handed neutrinos allow them to be
searched for in many experiments. Moreover their presence implies the effective non-unitarity of
the light neutrino mixing matrix, modifying several standard model observables (see Sec. 5) as
well as oscillation probabilities which have a very simple form in vacuo as seen in Sec. 6.

5. Current constraints on right-handed neutrinos

Even though right-handed neutrinos as messengers of neutrino mass generation, as postulated
in seesaw type schemes, are expected to be heavy, above the weak scale or so, they have been
searched for in a variety of situations, starting from much lower masses. Here we start by briefly
update the constraints on right-handed neutrinos.

5.1. Low-mass searches

If their mass is low enough, the right-handed states would behave as light sterile neutrinos and
would show up at low energies. Indeed, they have been searched for in a variety of weak processes
such as pion and kaon weak decay as well as at the LEP experiments [83,84]. The constraints
from direct production of neutral heavy leptons are summarized in Fig. 3, Fig. 4 and Fig. 5.
These model-independent limits do not require any particular neutrino mass generation scheme.
To obtain these limits, experiments have looked for a resonance in a specific energy window, for
a given mixing of the additional heavy state. In Fig. 3, we summarize the constraints on |S,; |? for
a mass range from 1072 to 10> GeV coming from the experiments TRIUMF [85,86] (denoted
as m — ev and K — ev in the plot), PS191 [87], NA3 [88], CHARM [89], Belle [90], the LEP
experiments DELPHI [91], L3 [92], LEP2 [93], and the recent LHC results from ATLAS [94,
95]. Future experimental proposals, such as DUNE [96,97] and ILC, expect to improve these
constraints [71].
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Fig. 4. Bounds on the charged current coupling strength of a heavy isosinglet lepton of mass m ; with the muon neutrino.
The green vertical band indicates the lower part of the mass region favored on theoretical grounds, while the horizontal
band shows the bound from weak universality. (For interpretation of the references to color in this figure legend, the
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Fig. 5. Bounds on the charged current coupling strength of a heavy isosinglet lepton of mass m j with the tau neutrino.
The green vertical band shows the lower part of the mass region favored on theoretical grounds. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

In Fig. 4 we show the constraints for the mixing of a neutral heavy lepton with a muon neu-
trino. The bounds from experiments PS191, NA3, Belle, the LEP experiments L3, DELPHI,
and the LHC experiment ATLAS, are shown again for this channel. For the muon-type neu-
trino, there are also bounds from KEK [98,99] (labeled K — wv in the plot), CHARM II [100],
FMMEF [101], BEBC [102], NuTeV [103], E949 [104], and the recent constraints from the LHC
experiments CMS [105] and LHCb [106]. Finally, we show in Fig. 5 the limits for the charged
current coupling strength of a neutral heavy lepton with a tau neutrino. One can see that, as
expected, the tau neutrino sector is more difficult to probe so the main constraints come from
NOMAD [107], CHARM [108], and DELPHI [91]. Regarding the universality constraint it is
obtained from Eq. (23) and implies a forbidden horizontal band in Fig. 5, about 3% at 90% C.L.
One should note, however, that the limits for the mixing typically rely upon extra assumptions
on the decay of the neutral heavy lepton, hence somewhat model-dependent. As will be seen
below in section 5.2, the existence of neutral heavy leptons affects low energy weak decay pro-
cesses, where the neutrinos that can be kinematically produced are only the light ones. From
those searches one obtains model-independent constraints which are also shown in Figs. 3 and 4
as a light horizontal region on the top of the figures.
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5.2. Weak universality bounds

If right-handed neutrinos are the messengers of neutrino mass generation the corresponding
mass eigenstates (also called neutral heavy leptons) will not be emitted in several weak decays,
such as beta or muon decays, due to kinematics. Therefore, such decays would measure different
values for the Fermi constant, violating universality. In particular, for the aforementioned beta
and muon decay, the Fermi constant would be modified to be

Gg=Grv (NN =Gp ol (18)

Gu=Gpv(NN)II(NN)n =Gp/a? (63, + a1 [?) (19)

respectively. Since the Fermi coupling constant appears basically in every weak process, almost
any observable should be affected by non-unitarity, particularly the well measured CKM matrix
elements. Even the pion decay branching ratio

_ Mt —etv)

and

Ry =—/——"—= 20
T Tt — pty) (20)
will also be modified by universality violation:
R NN 2
o B _ (NNDn _ o 1)

CORM (NN a3, a2
Universality constraints derived from the CKM matrix elements [109] as well as from pion
decay [110] has been extensively analyzed and dedicated studies have been devoted to this
subject [111-115]. Using the above prescriptions for the Fermi constants, and based on the exper-

imental measurements for the CKM matrix elements [81] and for the pion branching ratio [116]
one obtains, at 90% C.L.,

1 —a?, <0.0130,
1 — a3, — |a21]* <0.0012. (22)

For the case of u — T universality test, one can use the few experimental data available [117] in
order to get a constraint

(NNT)33

———— =0.9850 £ 0.0057. 23)
(NNT)2

5.3. High energy colliders

More interesting is the possibility that right-handed neutrinos are the messengers of neutrino
mass generation. In this case the smallness of neutrino masses may severely restrict the mag-
nitudes of the right-handed neutrino admixtures and hence close their potential signatures at
collider experiments like the LHC. This is expected in the high-scale Type-I seesaw. However,
these limitations can be avoided within a broad class of low-scale seesaw realizations, such as
the inverse seesaw [56—60] and linear seesaw [118—121] mechanisms.

Within the standard SU3), ® SU(2); ® U(1)y model heavy neutrinos in the TeV range,
would be produced only through relatively small mixing effects, since they are mainly isosin-
glets. Still signatures associated with such heavy heavy neutrinos can searched for directly at
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Fig. 6. Neutrinoless double beta decay implies that neutrinos are own anti-particles [128].

accelerator experiments, like LEP and the LHC. Indeed, as can be seen from Figs. 3 and 4 the re-
strictions from the LHC are weaker than what would be expected from unitarity violation bounds
in this mass range. LHC constraints are currently absent in the case of the tau-flavor, as seen in
Fig. 5, though in principle one expects that future LHC runs will improve the situation [122].

In contrast, the above limitation can be avoided in extended electroweak models with larger
gauge groups. In such case the extra kinematically accessible gauge bosons provide a produc-
tion portal for the heavy neutrinos which may be copiously produced, an can also give rise to
lepton flavour violation signatures. As an example one can have left-right symmetric models,
which lead to processes with lepton flavor violation at high energies [123,70]. Another inter-
esting extension are models with SU(3), ® SU(3); ® U(1)ygauge symmetry [124—127], which
have many interesting features as well as experimental signatures.

5.4. Neutrinoless double beta decay

Since current knowledge of the neutrino mixing matrix comes exclusively from oscillation
experiments, there is no information on the absolute neutrino mass scale, neither on the Majo-
rana phases. A possible detection of neutrinoless double beta decay would imply that neutrinos
are their own anti-particles [128] irrespective of the underlying origin of neutrino mass, as illus-
trated in Fig. 6. It would also provide complementary information inaccessible within oscillation
studies and the searches described above [129,130]. The effective Majorana neutrino mass will
be given by [129]

(m) =1 (U"y’m]. (24)
J

Notice that j runs only for the light neutrinos. The presence of the heavy neutrinos modifies
the mixing matrix entries as: Ue"jX" = a11U,j. Moreover, heavy neutrino exchange will lead
short-range OvB8 contributions. These will be suppressed due to their mixing in the rectangular
charged current mixing matrix, and will involve a different mass dependence, since the OvBp
amplitude is proportional to
mj

2 _ 2
q mj

A (25)
For neutrino masses above the typical neutrino momentum (around 0.1 GeV), the amplitude
will be inversely proportional to the mass of the heavy state. We show in Fig. 3 the limit for
Sej obtained from 7°Ge for a single massive isosinglet neutrino [131,132]. We stress that this
limit holds only if neutrinos have Majorana nature, a restriction that is not required for the other
constraints shown on the same figure.
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Fig. 7. Conversion probability for a fixed baseline of 295 km. The green region shows the standard conversion probability
with all the parameters fixed to the current best fit value, except for the CP phase § = —1jp3 which is left free. The
non-unitary case is illustrated with vanishing standard CP phase and two different choices of the new physics parameters:
as indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

6. Future tests of non-unitarity in neutrino oscillations

As discussed above, the presence of extra heavy leptons modifies the standard form of the
leptonic mixing matrix. For example, leptonic mixing, as well as CP violation, may take place
even in the limit where neutrinos become strictly massless [133,134]. This leads to the possi-
bility of lepton flavour violation and CP violating processes [61,135]. Moreover, it leads to new
conceptual possibilities for neutrino propagation which could have dramatic implications in as-
trophysical environments [133,136,137].

Non-standard properties such as unitarity violation in neutrino mixing could also be probed
in laboratory studies. Indeed the survival and conversion neutrino oscillation probabilities should
be modified to

: : Am2,L
. i
PaﬁZZN;iNﬂiNajNgj—4ZR6[N;jNﬁjNaiN§i]sm2 4;5
iJ Jj>i
3 2
Am*4. L
+23 Im | NNy Nai N | sin —= ). 6)
j>i

For instance, for the case of muon to electron neutrino conversion the transition probability,
in vacuum, will be given by the very simple approximate formula [82]

2 2 2 2 !
Pe =ajjlaz|” + (a11022) Pi:3 +oajjanlaz|Py,. 27

Here, Pﬁf is the standard three-neutrino oscillation formula [ 138]. Notice that in this case a new

constant term appears, a§2|a21 |2, that accounts for the effect of non-unitarity at zero distance,
associated to the effective non-orthogonality of the weak eigenstate neutrinos [133]. Finally, the
new term, Plfe, will depend on two different phases: the standard CP phase § characterizing
three-neutrino oscillations, and an additional CP phase associated to the new physics, Iyp, given

by the argument of the complex parameter ap1 = |o21| exp(Iyp):
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Y
Therefore, the effect of non-unitarity can be described by four real parameters: oy, a2, |21|
plus the phase Iyp.

The conversion probability for the neutrino appearance channel in the T2K experiment, char-
acterized by a 295 km baseline [18,19], is given in Fig. 7. The green region shows the standard
conversion probability with all the oscillation parameters fixed to their current best fit value, ex-
cept for the new CP phase which has been left free. On the other hand the non-unitary case is
illustrated with a standard CP phase equal to zero and two different choices of the new physics
parameters: a1; = 1, azp = 0.9995, |az1| = 0.023, and Iyp = m (maroon dashed-dotted line);
and a1; = 1, ap0 = 0.9998, |21 | =0.02, and Iyp = —27/5 (red dashed line).

Recently the NOVA experiment that has reported a new measurement of the electron neutrino
appearance channel [139]. Motivated by this we show, in Fig. 8, the behavior of the conversion
probability for the case of a 810 km baseline. The green region shows the standard conversion
probability with all the parameters fixed to the current best fit value, except for the new CP phase
8 = —I123, which has been left free. The non-unitary case is illustrated with a standard CP phase
equal to zero and two different choices of the new physics parameters, indicated in the plot.

Finally, in Fig. 9 we plot the conversion probability for a baseline of 1300 km, relevant for
the future DUNE proposal [97]. Although we have neglected matter effects, our results illustrate
pretty well the main qualitative point. The shaded band in this figure is the standard region
for the central values of the current neutrino oscillation parameters as reported in Ref. [11],
leaving the CP phase completely free. The panels also show two survival probabilities including
non-unitarity effects, for two particular choices of parameters. In these two new physics cases
we have set the standard CP phase to zero and we have taken a non-zero value for the extra phase
Inp. One sees that, in all the above cases, our results are suggestive of the fact that there is room
for a degeneracies between standard oscillations and new physics associated to non-unitarity or
“seesaw” effects. These will make it difficult to extract the standard CP effects and will certainly
be one of the challenges which future neutrino experiments will have to face.
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parameters, as indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

7. Conclusions

Here we gave a brief summary of the theoretical interpretation of current neutrino oscillation
data within the three-neutrino paradigm. If neutrinos get their mass a la seesaw, we may expect
both direct and/or indirect effects associated to the neutrino mass generation messengers, €.g.
the heavy right-handed neutrinos. These could be indicative of the simplest next step in particle
physics. Insofar as oscillations are concerned, we pointed out the case for unitarity violation
in the “PMNS” matrix. Experiments are usually interpreted within the unitary approximation.
However, we illustrated how CP violation studies could confuse genuine CP violation with effects
associated with unitarity deviations. Taking up this challenge would shed light on the mass scale
of lepton number violation and neutrino mass generation within the seesaw mechanism. Besides
opening the stage for new physics, refined neutrino oscillation studies might also pave the way
towards the understanding of at least some of the current puzzles facing modern cosmology. The
reader is addressed to [ 140—142] for examples of possible cosmological implications of neutrino
mass generation.

The interpretation of neutrino data has also been considered in terms of sub-Fermi strength
non-standard interactions of a more generic type than the non-unitarity effects considered
above [143-146]. Laboratory oscillation studies not only give crucial confirmation of the os-
cillation hypothesis, but also establish the robustness of large mixing angle solar neutrino oscil-
lations [52,53]. One exception is the existence of a large mixing solution, in the dark side, which
still survives [147,148]. Here we have focused on the simplest manifestation of non-standard
neutrino propagation, namely that which comes from the non-unitary form of the lepton mixing
matrix and characterizes Type I seesaw schemes.
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