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This is an update of the lectures previously publishedriv:1708.01046 . The topics discussed

in this lecture include: general properties of neutrinos in the SM, the theory of neutrino masses
and mixings (Dirac and Majorana), neutrino oscillations both in vacuum and in matter, as well as an
overview of the experimental evidence for neutrino masses and of the prospects in neutrino oscillation
physics. We also brie8y comment on the relevance of neutrinos in leptogenesis and in beyond-the-
Standard-Model physics.
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1 Introduction
Neutrinos made their Pratvisible appearance at the beginning of the 20th centurgaak particles in
radioactivel -decay. In this process a nucleus undergoes a transition

AX 1 o X+ e, (1.1)

emitting an electron, which, by energyPmomentum conservation, should have an energy approximately
equal to the difference of the parent and daughter nuclear m&ssse Figl.

Numberof electron:

Expecte«
Observel

Energy

Fig. 1: Electron spectrum df-decay.

The spectrum of the electrons was measured to be instead continuous with an end-Qoitit at
took almost 20 years to come up with an explanation to this apparent violation of energyPmomentum
conservation. W. Pauli called fordesperate remedypuggesting that in the decay, a neutral and light
particle was being emitted together with the electron and escaped undetected. In that case the spectrum of
the electron would indeed be continuous since only the sum of the energy of the electron and the phantom
particle should equdD. The dark particle got an Italian nam@eutrinoin honour of E. Fermi, who was
among the brst to take seriously PauliOs hypothesis, from which he constructed the famous theory of
I -decay []. In this theory, the interaction responsible fordecay is shown in Fig2, a four-fermion
interaction with strength given b$g , the Fermi constant.

Such interaction implies that neutrinos should also scatter off matter through the inverse beta
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Fig. 2: Fermi four-fermion coupling responsible fbrdecay.

processpp ! ne*. Bethe and Pearl€] estimated the cross section for such process to be
#y" 10 * cn?, Ex# 2 MeV, (1.2)

and concluded thadit is absolutely impossible to observe processes of this ki®ed this tiny cross
section implies that a neutrino has a mean free path of thousands of light-years in water.

Pontecorvo 3] however was among the prst to realise that it was not so hopeless. One could
get a few events per day in a ton-mass scale detector with a neutrino RI'6fcn?/s. Such is the
neutrino Bux from a typical nuclear reactor at a few tens of meters distance from its core. Reines and
Cowen (RC) succeeded in detecting reactor neutridpS]] They were able to detect neutrinos via
inverse beta decay in a very massive detector thanks to the extremely clean signal which combines the
detection of the positron and the neutron in delayed coincidence, s&& Figs experiment not only led
to the discovery of anti-neutrinos, but introduced a detection technique that is still being used today in
state-of-the-art reactor neutrino experiments and continues to make fundamental discoveries in neutrino
physics.

// neutrino

/
/
/
/
/
/
/
Cd

Fig. 3: Detection technique in the ReinesbCowan experiment.

Shortly after anti-neutrinos were discovered, it was realised that they come in Ravours or families.
The muon had been discovered in cosmic rays much earlier, and pion decay to muons is an analogous
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process td -decay:
$ 1 Uy (1.3)

It was understood that also in this case a (anti-)neutrino is emitted but, accompampyingtead of an
electron, it had a different identity to that inrdecay. Since the energy transfer in this process is higher
than in! -decay, and the neutrino cross-sections grow fast with energy in the Fermi theory, it would
actually be easier to detect this new type of neutrino.

In 1962 Lederman, Schwartz and Steinberger (LSS) detected for the brst time neutrinos from pion
decay by creating the brst accelerator neutrino begnilhe accelerated proton beam is made to hit a
bxed target producing pions and other hadrons that decay into neutrinos and other particles, mimicking
what happens in cosmic rays. If a thick shield intercepts the secondary particles, all particles except the
neutrinos are stopped, see Hig. Finally a neutrino detector is located behind the shield. A neutrino
event will induce the appearance of a muon in the detector. Again this was such a great idea that we are
still making discoveries with the modern versions of the LSS experiment, in the so-called conventional
accelerator neutrino beams.

proton
beam target proton accelerator .
\ L4

DD D) =

detector -
steel shield spark chamber [

pi-meson
beam
b G

The accelerator, the neutrino
beam and the detector

Part of the circular accelerator in
Brookhaven, in which the protons o 1

were accelerated. The pi-mesons (1), Wy -heam g s,
which were produced in the proton ~ s
collisions with the , decay into  concrete
muons (1) and neutrinos (;r). he 13

m lhidl;:ud shie'l.d stops all the

particles except the penetrati

heutrins. A very small Traction of the

neutrinos react in the detector and

give rise to muons, which are then

observed in the spark chamber.

Based an a drawing In Sclentific Amerkan,
March 1963

Fig. 4: Lederman, Schwartz, Steinberger experiment.

Kinematical effects of neutrino masses were searched for by measuring very precisely the end-
point of the lepton energy spectrum in weak decays, that gets modibed if neutrinos are massive. In
particular the most stringent limit is obtained from tritiurrdecay for the OelectronO neutrino:

3H1 3He+e + fe. (1.4)

Figure5 shows the effect of a neutrino mass in the end-point electron energy spectrum in this decay.

The best limit has been recently improved by the Katrin experinignt [
m;, < 0.8eV(90%CL), (1.5)

which aims at reaching a sensitivity 8f2 eV. The direct limits from processes involvipg%leptons
are much weaker. The best limit on thg mass fn,, < 170keV [8]) was obtained from the end-
point spectrum of the decay" ! p*™ ", while that on the'- mass was obtained at LER(, <
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K(E,)

Ey-m, Ey E,

Fig. 5: Effect of a neutrino mass in the end-point of the lepton energy spectrundécay.

Table 1: Irreducible fermionic representations in the Standard Modigl; @), dsu(2) )y -

(1,2). 1 (3,2)1 | (L, )1 312 (3,1)1

u i i
(di>L €r Ur dr
c i i
Si MR CR SR
ti i _
(6, (5) | = &

182 MeV [9]) from the decayn! 5%"-. Neutrinos in the Standard Model were therefore conjectured
to be massless.

2 Neutrinos in the Standard Model

The Standard Model (SM) is a gauge theory based on the gauge §td(®8) $ SU(2) $ Uy (1). All
elementary particles arrange in irreducible representations of this gauge group. The quantum numbers
of the fermiong(dsys), dsu(z))y are listed in Tabld.

Under gauge transformations neutrinos transform as doubled$J{?), they are singlets under
SU(3) and their hypercharge &1/ 2. The electric charge, given i = T3 + Y, vanishes. They are
therefore the only particles in the SM that carry no conserved charge.

The two most intriguing features of Tableare its leftBright or chiral asymmetry, and the three-
fold repetition of family structures. Neutrinos have been essential in establishing both features.

2.1 Chiral structure of the weak interactions

The left and right entries in Tablehave well debned chirality, negative and positive respectively. They
are two-component spinors or Weyl fermions, the smallest irreducible representation of the Lorentz
group representing spity 2 particles. Only belds with negative chirality carry tB&J(2) charge. For

free fermions moving at the speed of light (i.e., massless), the chiral states have a well debPned helicity,
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i.e they are eigenstates of the helicity opera®r= %, that measures the component of the spin in
the direction of the momentum. This is not inconsistent with Lorentz invariance, since for a fermion
travelling at the speed of light, the helicity is the same in any reference frame. In other words, the
helicity operator commutes with the Hamiltonian for a massless fermion and is thus a good quantum

number.

The discrete symmetry under CPT (charge conjugation, parity, and time reversal), which is a basic
building block of any Lorentz invariant and unitary quantum Peld theory (QFT), requires that for any
left-handed particle, there exists a right-handed antiparticle, with opposite charge, but the right-handed
particle state may not exist. A Weyl fermion Peld represents therefore a particle of negative helicity and
an antiparticle with positive one.

Parity however transforms left and right bPelds into each other, thus the left-handedness of the weak
interactions implies that parity is maximally broken in the SM. The breaking is nowhere more obvious
than for neutrinos since the parity partner of the neutrino does not exist. All the remaining fermions in
the SM come in parity pairs, albeit with differe8tU(2) $ U(1) charges. Since this gauge symmetry
is spontaneously broken, the left and right Pelds combine into massive Dirac fermions, that is a four
component representation of the Lorentz group and parity, which represents a particle and an antiparticle
with either helicity. The chirality components are recovered from the four-component Dirac spinor by
the chiral projectors

05" +!
1% °8&, & = Pr& = 125

&L = PL& = &. (21)

The SM resolved the Fermi interaction as being the result of the exchange U2 massive
W boson as in Figb.

Fig. 6: ! -decay process in the SM.

Neutrinos interact in the SM via charged and neutral currents:

Ig e + g 0w 1 " +
L & %— PLleW, % ——— P."#+Z, + h.c. 2.2
SM 022#@pL#u02COS(WE#Z#pL#H c (2.2)

The weak current is therefol¢BA since it only couples to the left beldsyP. (' D y's.
This structure is clearly seen in the kinematics of weak decays involving neutrinos, such as the classic
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Fig. 7: Kinematics of pion decay: two recoiling particles must have same helicity to ensure angular
momentum conservation.

W,B,G,g
VV,B,G,Q Y5

W.B,G,g

Fig. 8: Triangle diagrams that can give rise to anomalis.B, G are the gauge bosons associated to
theSU(2), Uy (1), SU(3) gauge groups, respectively, agds the graviton

example of pion decay tex or p¥,. In the limit of vanishing electron or muon mass, this decay is
forbidden, because the spin of the initial state is zero and thus it is impossible to conserve simultaneously
momentum and angular momentum if the two recoiling particles must have opposite helicities, as shown
in Fig. 7. The decay amplitude is therefore proportional to the lepton mass and the ratio of the decay
rates to electrons and muons, in spite of the larger phase space in the former, is strongly suppressed by

the factor(mE)z) 2$ 10 °.

my
Another profound consequence of the chiral nature of the weak interaction is anomaly cancella-
tion. The chiral coupling of fermions to gauge Pelds leads generically to inconsistent gauge theories due
to chiral anomalies: if any of the diagrams depicted in Bigg hon-vanishing, the weak current which is
conserved at tree level is not at one loop, implying a catastrophic breaking of gauge invariance. Anomaly
cancellation is the requirement that all these triangle diagrams vanish, which imposes strong constraints
on the hypercharge assignments of the fermions in the SM, whiamiaaeulouslysatisbed:

GGB WWB Bgg B3
Do OYEWY =y YE= ) VE%YR =) () (v =0, (2:3)
i= quarks i=doublets i i

whereYi"/R are the hypercharges of the left/right components of the fermionicipeldd the

triangle diagram corresponding to each of the sums is indicated above the bracket.

2.2 Family structure

Concerning the family structure, we know, thanks to neutrinos, that there are exactly three families in
the SM. An extra SM family with quarks and charged leptons so heavy that cannot be produced at the
energies explored so far in colliders, would also have massless neutrinos that would contribute to the

145



PILAR HERNGNDEZ

2v

ALEPH
DELPHI

0 43

OPAL

Oww (PD)

20 +
t average measurements, JJ/

error bars increased
by factor 10

10

0 =86 88 90 92 9

E_ [GeV]

om

Fig. 9: Z° resonance from the LEP experiments. Data are compared to the ddse=d?, 3 and 4

invisible Z° decay:
VAR A (2.4)

The invisible width of theZz® has been measured at LEP with an impressive precision, as shown in
Fig. 9 [10]. This measurement has been recently revisdd12] with a reduced systematic error and
excludes any number of standard families different from three:

| .
Ny = - =2.9963+ 0.00074 (2.5)
- B

3 Massive neutrinos

Neutrinos are ubiquitous in our surroundings. If we open our hand, it will be crossed each second by
aboutO(10'?) neutrinos from the sun, abo@(10) from the atmosphere, aboG(10°) from natural
radioactivity in the earth and eved(10%?) relic neutrinos from the Big Bang. In 1987, the Kamiokande
detector in Japan observed the neutrino burst from a SuperNova that exploded in the Large Magellanic
Cloud, at a distance of 160 thousand light years from earth. For a few seconds, the supernova neutrino
Bux was of the same order of magnitude as the Bux of solar neutrinos!

Using many of these sources as well as others from reactors and accelerators, a decade of revolu-
tionary neutrino experiments have demonstrated that, for the time being, neutrinos are the less standard

of the SM particles. They have tiny masses and this necessarily requires new degrees of freedom with
respect to those in Table

A massive fermion necessarily has two states of helicity, since it is always possible to reverse the
helicity of a state that moves at a slower speed than light by looking at it from a boosted reference frame.
What is the right-handed state of the neutrino? It turns out there are two ways to proceed.
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Let us consider the case of free fermions. A four-component Dirac fermion can be made massive
adding the following mass term to the Lagrangian:

%LPMC = Mm@& = m(& + &R)(& + &R) = M(& &R + &R & ). (3.1)
m

A Dirac mass term couples the left-handed and right-handed chiral components of the fermion peld, and
therefore this coupling vanishes identically in the case of a Weyl fermion.

Can one give a mass to a two-component Weyl fermion? As brst noticed by Majorana, this indeed
can be done with the following mass term:

gp Majorana = Mgz Meee= MeTca+ Nece, (3.2)
2 2 2 2
where
& * C& = C'(&". (3.3)
It is easy to check that the Majorana mass term satisbes the required properties:
1) It can be constructed with a two-component spinor or Weyl fermio&: 3 P_ &
&TC& = & i#28, (3.4)

which does not vanish in the absence of the right chiral component.

2) Itis Lorentz invariant. It is easy to show, using the properties of the gamma matrices that under a
Lorentz transformatio& and&€ transform in the same way,

&1 € Swhgx gy &, &1 S(Y) &, (3.5)

with #u * = L[',," 1], and therefore the biline&¢& is Lorentz invariant.

3) The equation of motion derived from E@.D) for a free majorana fermion has plane wave solu-
tions satisfying the relativistic relation for a massive fermion:

E2%p? = m?.

In the SM none of the mass terms of Ed3.]J and (3.2) are gauge invariant. Spontaneous sym-
metry breaking allows to generate the Dirac mass term from Yukawa couplings for all fermions in the
SM, while the Majorana mass term can only be generated for neutrinos. Let us see how this works.

3.1 Massive Dirac neutrinos

We can enlarge the SM by adding a set of three right-handed neutgrstates, with quantum numbers
(1, 1)o, i.e. singlets under all the gauge groups. A new Yukawa (E®j.coupling of these new states
with the lepton doublet is exactly gauge invariant and therefore can be added to the SM:

%LPrac = [)#"r + h.c. (3.6)
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Fig. 10: Neutrino Yukawa coupling.
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Fig. 11: Fermion spectrum in the Standard Model.

whereL = (" 1) is the lepton doublet¥ * i#,** and* is the Higgs Peld, with quantum numbers

(1,2). 1. Upon spontaneous symmetry breaking the scalar doublet gets a vacuum expectation value
2

#, = ( $"—E 0), and therefore a neutrino Dirac mass term is generated

96L0IraC 194 ) %R + he. 3.7)

The neutrino mass matrix is proportional to the Higgs vacuum expectation value, in complete analogy to
the remaining fermions:

m =)—. (3.8)

There are two important consequences of Dirac neutrinos. First, there is a new hierarchy problem
in the SM to be explained: why are neutrinos so much lighter than the remaining leptons, even those in
the same family (see Fid.1), if they get the mass in the same way? This requires a large hierarchy in
the Yukawa couplings that should differ in many orders of magnitude. Secondly, an accidental global
symmetry, lepton numbdr, that counts the number of leptons minus that of antilepton, remains exactly
conserved at the classical levglst as baryon numbeB, is.

1As usualB + L is broken by the anomaly and orf/! L remains exact at all orders.
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Fig. 12: Weinberg operator.

3.2 Massive Majorana neutrinos

Since the combinatiod?* is a singlet under all gauge groups, the Majorana-type contraction (see
Fig.12):

geLMalorana = @xrc T T 4 g, (3.9)

is gauge invariant. This term, brst writen down by Weinbé#&j,[gives rise to a Majorana mass term for
neutrinos upon spontaneous symmetry breaking:

, 2
gpL Majorana. | 'q+‘%cbf + he., (3.10)
The neutrino mass matrix in this case is given by:

my = +v2. (3.11)

The Weinberg operator has dimension 5, and therefore the coypling %1. We can write it in terms
of a dimensionless coupling as

~—

+= (3.12)

where" is a new physics scale, in principle unrelated to the electroweak scale.

The consequences of the SM neutrinos being massive Majorana particles are profound. If the scale
is much higher than the electroweak scal@ strong hierarchy between the neutrino and the charged
lepton masses arises naturally. If all dimensionless coup)irage of the same order, neutrino masses are
suppressed by a factet" with respect to the charged fermions. On the other hand, WeinbergOs operator
violates lepton numbdr and provides a new seed for generating the matter/antimatter asymmetry in the
Universe as we will see.

Even though the Majorana mechanism to generate neutrino masses does not involve any extra
degree of freedom with respect to those in the SM, the existence of the Weinberg coupling implies that
cross sections involving for example the scattering of neutrinos and the Higgs will grow with energy,
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ultimately violating unitarity. The situation is analogous to that of the Fermi interaction oRFighe
SM resolved this interaction at higher energies as being the result of the interchange of a heavy vector
boson, Fig.6. The Majorana coupling, if it exists, should also represent the effect at low energies of
the exchange of one or more unknown massive states. What those states are remains one of the most
interesting open questions in neutrino physics.

Finally, it is interesting to note that the anomaly cancellation conditions bx all the hypercharges
in this case (i.e., there is only one possible choice for the hypercharges that satisP&8)Eqvitich
implies that electromagnetic charge quantization is the only possibility in a Peld theory with the same
matter content as the SM.

3.3 Neutrino masses and physics beyond the Standard Model

Any new physics beyond the standard model (BSM) characterized by a high"scall,induce effects
at low energiek - " that can be described by an effective beld theady15] of the form:

+. _ | _
Ler = Lom+ > 7O + ) 507+ . (3.13)
i i

It is the most general Lagrangian which includes the SM and an inPnite tower of operators constructed
out of the SM belds respecting Lorentz and gauge symmetries. In principle such a theory depends on
inPnite new couplings, one per new independent operator, and it is therefore not predictive. However, if
we are interested in describing processes at endigies" , we can truncate the sum of operators up to

a given dimensioml in such a way that our predictions are correct up to o(ée)d" ‘

The operators of lowest dimension are the most relevant at low energies. It turns out that there
is only one such operator of the lowest possible dimengior, 5, which is precisely the Weinberg
operator of Eq.3.9). In this perspective, it is natural to expect that the brst indication of BSM physics
is precisely Majorana neutrino masses. While many types of BSM theories can give rise to neutrino
masses, generically they will induce other new physics effects represented by the operdto& ahd
higher.

4 Neutrino masses and lepton mixing

Neutrino masses, whether Dirac or Majorana, imply lepton mixit®17]. The Yukawa coupling in
Eg. (3.6) is a generic complex matrix in Ravour space, while that in BoP) (is a generic complex
symmetric matrix, and the same holds for the corresponding leptonic mass matrices:

LR = T (M) "R+ 1L (M) 1k + hee. (4.1)
. 1— o .
OpL Majorana - E"IL (M) "2+ 10 (M) 1k + hee. (4.2)

In the Dirac case, the two mass matrices can be diagonalized by a bi-unitary rotation:
M, = U, Diag(my, mz, m3)Vi, M| = U, Diag(me, m,, m-)V,, (4.3)
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while in the Majorana case, the neutrino mass matrix, being symmetric, can be taken to a diagonal form
by

M, = U, Diag(mi, mz, mz)Uf". (4.4)
We can go to the mass basis by rotating the pelds as:
"!R:V!"R1"|!_= U ", |;;2=V||R, ||I_= Ul.. (45)

In this basis the charged-current interactions are no longer diagonal, in complete analogy with the quark
sector (see Fidl3):

1 g

lepton _
L™ = %5

B uPLW (U U " + hee. (4.6)
N—_——

UpMNs

The mixing matrix in the lepton sector is referred to as the PontecorvobMakibNakagawabSakata (PMNS)
matrix, analogous to the CKM one in the quark sector.

Fig. 13: Quark and lepton mixing.

The number of physical parameters in the lepton mixing mdtkixns, can easily be computed by
counting the number of independent real and imaginary elements of the Yukawa matrices and eliminating
those that can be absorbed in Peld redebnitions. The allowed Peld redepbnitions are the unitary rotations
of the belds that leave the rest of the Lagrangian invariant (only those that are not symmetries of the full
Lagrangian when lepton masses are included are efpcient in absorbing Ravour parameters).

In the Dirac case, it is possible to rotate independently the left-handed lepton doublet, together
with the right-handed charged leptons and neutrinos, tHa(ig?, for a generic number of families.
However, this includes total lepton humber which remains a symmetry of the massive theory and thus
cannot be used to reduce the number of physical parameters in the mass matrix. The parameters that can
be absorbed in Peld redebnitions are thus the parameters of thelgfo)iiU (1) (that isWT"”) real,
w imaginary).

In the case of Majorana neutrinos, there is no independent right-handed neutrino Peld, nor is lepton
number a good symmetry. Therefore the number of beld redepbnitions is the number of parameters of the
elements ifJ(n)? (that isn? %n real andn? + n imaginary).

The resulting real physical parameters are the mass eigenstates and the mixing angles, while the
resulting imaginary parameters are CP-violating phases. All this is summarized inZlableac and
Majorana neutrinos differ only in the number of observables phases. For three famiie®)( there is

151



PILAR HERNGNDEZ

Table 2: Number of real and imaginary parameters in the Yukawa matrices, of those that can be absorbed
in Peld redebnitions. The difference between the two is the number of observable parameters: the lepton
massesrfi), mixing angles (), and imaginary phases$).

Yukawas Field redebnitions No.m | No. ( No.*
Dirac Y ) U(n)3/U (1)
Real. Im | 2n2. 2n?2 3(n2%n) 3(n%+ n) %1 on n2%n | (n %2)(n %1)
' ' 2 ’ 2 2 2
Majorana| )|, +] = + U(n)?
n%n | n2%n
Realim | nZ+ M0 n24 MO | n204n n2+ n 2n 20 20

just one Dirac phase and three in the Majorana case.

A standard parametrization of the mixing matrices for Difdgyns , and Majoranalpyns , is
given by

1 0 0 C13 0 Slge" i& C12 s12 O
Upuns = 0 cp3 Sp3 0 1 0 %si12 ci2 O,
0 %sy3 Cp3 0/(Slgei& 0 C13 0 0 1
1 0 0
Opmns = Upwmns((12,(13,(23,,) [0 €#r 0 |, (4.7)
0 0 ¢z

where in all generality;; . [0,$/2]and,, +1,+2. [0, 2$].

5 Majorana versus Dirac

It is clear that establishing the Majorana nature of neutrinos is of great importance, since it would imply
the existence of a new physics scale. In principle there are very clear signatures, such as the one depicted
in Fig. 14, where a",, beam from$* decay is intercepted by a detectdr, In the Dirac case, the
interaction of neutrinos on the detector via a charged current interaction will produce pnlyrathe

Pnal state. If neutrinos are Majorana, a wrong-sign muon in the pPnal state is also possible. Unfortunately
the rate fou*™ production is suppressed by /E in amplitude with respect to the . For example, for

E: = O(1) GeV andm; ) O (1) eV the cross section for this process will be roughly 18 times the

usual CC neutrino cross section.

The best hope of observing a rare process of this type seems to be the search for neutrinoless
double-beta decay{ 0"), the right diagram of Figl5. The background to this process is the standard
double-beta decay depicted on the left of Fi§, which has been observed to take place for various
isotopes with a lifetime oT» 5 > 10°B1L0?! years.

If the source of this process is just the Majordnenass, the inverse lifetime for this process is
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1+

Iy

Majorana Dirac or Majorana

Fig. 14: A neutrino beam fron$* decay () could interact in the magnetized detector producing a
only if neutrinos are Majorana.

given by

2
> (GSiMNS)Z m; (5.1)

"1 o o!
Tro #G M

PhasPNut:IearM .E.

[Meel?

In spite of the suppression in the neutrino mass (over the energy of this process), the neutrinoless
mode has a phase factor orders of magnitude larger th&i thede, and as a result present experiments
searching for this rare process have already set bounds on neutrino masses in the eV range as shown in

Table3.

d|_ up d|_ up
W e §W
— » €
"eL
eL a
I mg
"eL eL Y
e
W €L §W
d|_ ur d|_ up
21 2" 210"

Fig. 15: 2! decay: normal (left) and neutrinoless (right).

Table 3: Present bounds 80%CL from some recent neutrinoless double-beta-decay experinissjis [

Experiment Nucleus |meg|

EXO-200 I36xe < 0.0930.286eV
AMORE 10Mo0 < 1.2ER.1eV
GERDA 5Ge < 0.0790.18eV
KamLAND-Zen 13Xe < 0.061£0.165eV
CUORE 130Te < 0.1180.52eV
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6 Neutrino oscillations

The most spectacular implication of neutrino masses and mixings is the macroscopic quantum phe-
nomenon of neutrino oscillations, brst introduced by B. Pontecdr®o The Nobel Prize of 2015 was
awarded to T. Kajita (from the SuperKakiokande collaboration) and A. B. McDonald (from the SNO
collaboration) for thaliscovery of neutrino oscillations, which shows that neutrinos have a.mass

We have seen that if neutrinos are massive the neutrino Bavour ®gldg, "), that couple via
CC to the leptonge, 11, % , are unitary combinations of the mass eigenstates B&lds,, "3):

e 1
"uw | = Upmns ((12, (13, (23, phases)| "2 | . (6.1)

3

In a neutrino oscillation experiment, neutrinos are produced by a source (e.g. piateonys, nuclear
reactions, etc) and are detected some macroscopic distaraeay from the production point. They are
produced and detected via weak processes in combination with a given lepton Ravour, that is in Ravour
states or a combination of mass eigenstates. As these states propagate undisturbed in space-time from
the production to the detection regions, the different mass eigenstates, having slighly different phase
velocities, pick up different phases, resulting in a non-zero probability that the state that arrives at the
detector is in a different Bavour combination to the one originally produced, sekg-ighe probability

for this Bavour transition oscillates with the distance travelled.

Two ingredients are mandatory for this phenomenon to take place:

b neutrinos must keep quantum coherence in propagation over macroscopic distances, which is only
possible because they are so weakly interacting

b there is sufbcient uncertainty in momentum at production and detection so that a coherent Bavour
state can be producéd

The master formula for the oscillation probability'af turning into a* is

) AmziL
PCs! )= Y UAU; Uy U e aml (6.2)
ij
where$ mjzi * m? %mjz, Uy are the elements of the PMNS matrlx,is the baseline ang is the
neutrino momentum.

There are many ways to derive this formula. The simplest way that appears in most textbooks
uses simple quantum mechanics, where neutrinos are treated as plane waves. A slightly more rigorous
method treats neutrinos as wave packets. Finally, itis also possible to derive it from QFT, where neutrinos
are treated as intermediate virtual states. The different methods make more or less explicit the basic
necessary conditions of neutrino oscillations mentioned above, and therefore are more or less prone to
guantum paradoxes.

2If the momentum uncertainty is sufbciently small one could kinematically distinguish the mass eigenstate being pro-
duced/detected.
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source

Fig. 16: Neutrino oscillations.

6.1 Plane wave derivation

Let us suppose that a neutrino of Bavors produced atg. It is therefore a superposition of the mass
eigenstates that we assume to be plane waves with spatial mompntum

"#(to), = > UZ|"i(p).. (6.3)
i
The mass eigenstates are eigenstates of the free Hamiltonian:

B1"i(p),. = Ei()|"i(p),, Ei(p)>= p?+ m?. (6.4)

The time evolution operator frofiy !t is given bye’ ?(t" t0) and therefore the state at tirhés given
by

"#(t), = € T (tg), = ST Uf e BT () (6.5)

The probability that at timé the state is in Ravodr is

2
P(s ! " )()= [ ["4().)% = |> U Uf e B0 (6.6)

where we have used the orthogonality relatidi(p)|"j (p), = i -

Since the neutrinos are ultrarelativistic, we can approximate

1m? %m? A
Ei(p) %E;(p) # ET + 0O(m%), (6.7)

andL # (t %tg), so that the master formula in Ed. ) is recovered.

The well-founded criticism to this derivation can be summarized in the following questions: 1)
why are all mass eigenstates of equal spatial momengi#m?2) is the plane wave treatment justibped
when the production and detection regions are localized? 3) why is it necessary totdb the L
conversion?

A number of quantum paradoxes can be formulated from these questions, that can be resolved only
when the two basic conditions for neutrino oscillations above are made explicit. This can be achieved in
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a wave packet treatment.

6.2 Wave packet derivation

Many authors have derived the master formula treating neutrinos involved as wave packets. For exam-
ples, see Refs2p, 21].

A neutrino of Bavour+ is produced at time and positidfg, xg) = (0,0) as a superposition
of sourcewave packetsf S(p), one for each mass eigenstate. The state at time and poditionis
therefore

"s(t, %), = > U / f3(p)e EiPltePx|y,, (6.8)
i P
For simplicity we will assume Gaussian wave packets, with an average momejtand width#s:
f3(p) (€ (P QY2 (6.9)

Note that we have lifted the assumption that all mass eigenstates have the same spatial momentum.

A neutrino of Bavout is detected at time and positi¢i, L) as a superposition afetectorwave
packetsf P (p), created at this space-time position. The state detected is therefore

(6, = SUf [P () S DRt By (6.10)
i P

where we also assume Gaussian wave packets at detection, with average moQ}eamirwidth#D :
fP(p) (€ DTHE, (6.12)
The probability amplitude for the prst state to turn into the second is therefore

ACs! ") ( / dx ' (8, x)|"#(t, %), = > U U, / e FiPTePLES(p)fPH(p)  (6.12)
i P

For Gaussian wave packets we can rewrite the product & tredD wave packets as a Gaussian wave
packet:

fL*p)f3(p) ( 2(p)e (} Q) 4%+ %) (6.13)

where the overlap wave packet

|
ov * . (p" Ql)Q/ ZO@V L% & & 2 2 % 1
fl (p) e ’ QI <#% + #% > #OV! #OV 1/#% + l/#% - (614)
The momentum integral in Eg6 (12 can be done analytically if we approximate
-E;
Ei(p) # Ei(@)+ ) _ -pkl (P %(@i)i) + ... = Ei(@) + vi(p% @)+ ..., (6.15)
k @,
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wherev; is the overlap wave packet group velocity.

The amplitude obtained is

ACs1 ") (ST ULU; € EA@ITRLG (@7 QD4R g (L viT) 12 (6.16)
i

Note that the two last exponential factors impose momentum conservation (the average momentum of
the source and detector wave packets should be equal up to the momentum uncertainty) and the classical
relationL = v; T within the spatial uncertainty,'.

Since we usually do not measure the detection fimi& a neutrino oscillation experiment, we
should integrate the probability over this variable. For simplicity we assQn#é Q! and parallel td..
In this case, the integral gives:

%
PCal ") ([ dTIACKE P

“ o H# _
LoamZn b T L BQY) BQy)
( D UfU i UgUfe 20 g Tl e 2oy (6.17)

. TV TV
] coherence  momentum uncertainty

$,

where the coherence length

. vi % v;
Lcon(ij ) # #OVM, (6.18)

Vi2+ VJ-2

represents the distance travelled by the two wave packets, moving at slightly different group velgcities
andvj, such that the center of the two wave packets have separated spacially a distance of the order of the
spatial uncertaintyt,,t. ForL / Leon(i,j ) the coherence between the wave packegtss lost and the
corresponding terms in the oscillation probability exponentially suppressed. The last exponential factor
in Eg. 6.17) leads to a suppression of the oscillation probability when the difference in average energies
of the two wave packetsj is larger than the momentum uncertainty of the overlap wave patiet,

Note that#,, is dominated by the smallest of the production and detection uncertainties, and therefore
both should be large enough to ensure that the wave packets of the different mass eigenstates remain
coherent. To the extent that - Loy and|Ej % Ej| - Min(#s,#p), the probability reduces to

the master formula, with one caveat: we have lost the normalization along the way. This is usually
unavoidable in the wave packet derivation. The right normalization can be imposed only a posteriori, for
example, from unitarity . P("s! " )=1.

In summary, the wave packet derivation is clearly more physical, as it makes explicit the two nec-
essary conditions for neutrino oscillations to take place: coherence and sufbcient momentum uncertainty.

6.3 QFT derivation

Since we are dealing with relativistic quantum mechanics, QFT should be the appropriate framework to
derive the oscillation probability.

In QFT we consider scattering processes where some asymiptetiatesthat we can prepare
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in-states . out-states

Fig. 17: Neutrino oscillations in QFT.

in the inPnite past come close together at some Pnite time in an interaction region and scatter off into
other asymptotiout-statesat timet ! 0 . The probability amplitude for this process is just the scalar
product of the in and out states. In computing this amplitude we usually idealise the asymptotic states
as plane waves, which is a good approximation provided the interaction region is small compared to the
Compton wavelength of the scattering states. In reality however the proper normalization of the scattering
probability as a probability per unit time and volume requires that the initial states are normalized wave
packets.

In a neutrino oscillation experiment, the asymptotic states are not the neutrinos, we cannot re-
ally prepare the neutrino states, but the particles that produce the neutrino at the source and those that
interact with the neutrino in the detector. The neutrino is just a virtual particle being exchanged be-
tween the source and detector, see Eigj.and in this perspective the interaction region is as large as
the baseline and therefore macroscopic, in particular much larger than the Compton wavelength of the
asymptotic states involved. It is mandatory therefore to consider the in-states as wave packets to ensure
the localization of the source and detector.

Consider for example a neutrino beam produced from pions at rest and a detector some distance
apart, where neutrinos interact with nucleons that are also at rest, via a quasi-elastic event:

$n! pul . (6.19)

The in-states therefore will be the two wave packets representing a static pion that decays and is localized
at time and positiog0, 0) within the uncertainty better debned than the decay tunnel, and a nucleon that

is static and localized within the detector, at time and positibyL), when the interaction takes place.

The out-states are the muon produced in pion decay and the lepton and hadron produced in the quasi-
elastic event. The probability amplitude for the whole process includes the pion decay amplitude, the
neutrino propagation and the scattering amplitude at the detector. Therefore in order to extract from the
full amplitude an oscillation probability, it must be the case that there is factorization of the whole prob-
ability into three factors that can be identibped with the Bux of neutrino from pion decay, an oscillation
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probability and a neutrino cross section.

By explicit calculation 2], it is possible to show that such factorization does indeed take place
as long as kinematical effects of neutrino masses can be neglected. The oscillation probability debPned
as the ratio of the probability for the whole process and the product of the neutrino Rux from pion decay
and the neutrino scattering cross-section is properly normalized.

6.4 Neutrino oscillations in vacuum

Let us analyse more closely the master formula E@®)( The probability is a superposition of oscillatory
functions of the baseline with wavelengths that depend on the neutrino mass diff@emﬁes mj2 %
m?, and amplitudes that depend on different combinations of the mixing matrix elements. DePning
W, * [UgUJ Uf Uj ] and using the unitarity of the mixing matrix, we can rewrite the probability in
the more familiar form:
P(s ! ") =.# %4> Re[W) ]sin? $mjL
# . y # J>I # 4E|
$miL

1 2Z|m[wg.]sin< oE ) (6.20)

>

where thel refers to neutrinos/antineutrinos ajpd # E. .

We refer to anappearanceor disappearancenscillation probability when the initial and Pnal
Bavours are different{ 2 !) or the same{ = !), respectively. Note that oscillation probabilities
show the expected GIM suppression of any RBavour changing process: they vanish if the neutrinos are
degenerate.

In the simplest case of two-family mixing, the mixing matrix depends on just one mixing angle:

Upmns = <COS( sin() : (6.21)

%sin( cos(

and there is only one mass square differehice®. The oscillation probability of Eq6(20 simplibes to
the well-known expression where we have introduced convenient physical units:

P("s! ™) = sin22( sin2<1.27

P(Ms! "#)

$ m?(eV?) L (km) r2
E: (GeV) ) ’ -
1%P("s! ™). (6.22)

The probability is the same for neutrinos and antineutrinos, because there cannot be CP violation when
there are only two families. Indeed CPT implies that the disappearance probabilities are the same for
neutrinos and antineutrinos, and therefore according to@&22)(the same must hold for the appearance
probability. The latter is a sinusoidal function of the distance between source and detector, with a period
determined by the oscillation length:

Ei (GeV)

Loso(km) = 8 1 s mz(ev?) *

(6.23)
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Fig. 18: Left: two-family appearance oscillation probability as a function of the baselirne aifpxed
neutrino energy. Right: same probability shown as a function of the neutrino energy for bxed baseline.

which is proportional to the neutrino energy and inversely proportional to the neutrino mass square differ-
ence. The amplitude of the oscillation is determined by the mixing angle. It is maximsihfa2( = 1
or ( = $/ 4. The oscillation probability as a function of the baseline is shown on the left plot ofLBig.

In many neutrino oscillation experiments the baseline is not varied but the oscillation probability
can be measured as a function of the neutrino energy. This is shown on the right plotI8.Rigthis
case, the position of the Prst maximum contains information on the mass splitting:

$ m?(eV?)L (km)

Emax(GeV) = 1.27 s

(6.24)

An optimal neutrino oscillation experiment in vacuum is such that the ratio of the neutrino
energy and baseline are tuned to be of the same order as the mass sgfitting) $ m?2. If
E/L 3 $ m?, the oscillation phase is small and the oscillation probability is approxim&gly !
") ( sin?2(($ m?)2, so the mixing angle and mass splitting cannot be disentangled. The opposite limit
E/L - $ m?is the fast oscillation regime, where one can only measure an energy or baseline-smeared
oscillation probability

Py ) # % sin? 2(, (6.25)

sensitivity to the mass splitting is lost in this limit. It is interesting, and reassuring, to note that this
averaged oscillation regime gives the same result as the Ravour transition probability in the case of
incoherent propagation. (3 L ¢on):

P("s! " )= |UsUi|?=2cos(sin’( = %sin2 2(. (6.26)

Flavour transitions via incoherent propagation are sensitive to mixing but not to the neutrino mass split-
ting. The smoking gun for neutrino oscillations is not the Ravour transition, which can occur in the
presence of neutrino mixing without oscillations, but the peclWli&r, dependence. An optimal exper-
iment that intends to measure both the mixing and the mass splitting requires r&hing $ m?2.
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6.5 Neutrino propagation in matter

When neutrinos propagate in matter (earth, sun, etc.), their propagation is modibed owing to coherent
forward scattering on electrons and nucled2®:[

e.! e!

ZO

The effective Hamiltonian density resulting from the charged current interaction is

Hec=2 2Gk [@ Pl e[ "PLel =2 2Gk [@ yPLell' "PL"el. (6.27)
Since the medium is not polarized, the expectation value of the electron current is simply the number

density of electrons:

N
@' | PL€ unpol.medium = 1u07e- (6.28)

Including also the neutral current interactions in the same way, the effective Hamiltonian for neutrinos
in the presence of matter is

+Hee + Hne medium = 8Vm' °(1 %" 5)" (6.29)
$L (Ne %) 0 0
Vin = 0 8L (%) 0 , (6.30)
0 0 85 (%)

whereNy, is the number density of neutrons. Due to the neutrality of matter, the proton and electron
contributions to the neutral current potential cancel.

The plane wave solutions to the modibed Dirac equation satisfy a different dispersion relation
E?= |p/°+ M+ 4EVp, (6.31)

wherezt is for neutrinos/antineutrinos. The phases of neutrino oscillation phenomena change.

The effect of matter can be simply accommodated in an effective mass matrix:
M2= M2+ 4EV,,. (6.32)
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The effective mixing matriX?yns is the one that takes us from the original Ravour basis to that which
diagonalizes this effective mass matrix:

m? 0 O Ve 0 O
0 mj 0 |=Vys|[MZ£4E [0 V, 0] [ Vims. (6.33)
0 0 mj 0 0 W

The effective mixing angles and masses depend on the energy.

The matter potential in the center of the suiVis) 10 2 eV and in the eartV,, ) 10 13 eV.
In spite of these tiny values, these effects are non-negligible in neutrino oscillations.

6.6 Neutrino oscillations in constant matter

In the case of two Ravours, the effective mass and mixing angle have relatively simple expressions:

" 2
$m? \/($ m2cosd 1 2 2EGg Ne) +($ m2sin2()?, (6.34)

($ m?sin 2()2
$m2)z

sin? 2( (6.35)

where the sigrl corresponds to neutrinos/antineutrinos. The corresponding oscillation amplitude has a

resonanced4], when the neutrino energy satisbes

v 2
3G No1 1

cos1 =0 4 sin2(=1, $m?=% m?sin2. (6.36)

The oscillation amplitude is therefore maximal, independently of the value of the vacuum mixing angle.

We also note that

b oscillations vanish at = 0, because the oscillation length becomes inbnit¢ fo10;
D the resonance is only there foror & but not both;
b the resonance condition depends on the(§ign? cos 1):

resonance observed'In’  sign@ m?cosq) > 0,
resonance observed'n sign@ m?cosq) < O.

The origin of this resonance is a would-be level crossing in the case of vanishing mixing. In the
case of two families, fof = 0, the mass eigenstates as a function of the electron number density, at
Pxed neutrino energy, are depicted in Fig§for $ m? > 0. As soon as the mixing is lifted from zero, no

matter how small, the crossing cannot take place. The resonance condition corresponds to the minimum

level-splitting point.

6.7 Neutrino oscillations in variable matter

In the sun the density of electrons is not constant. However, if the variation is sufbciently slow, the

eigenstates will change slowly with the density, and we can assume that the neutrino produced in an
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Fig. 19: Mass eigenstates as a function of the electron number density at Pxed neutrino engrgyfor
(left) and( 2 O (right).

eigenstate in the center of the sun, remains in the same eigenstate along the trajectory. This is the so-
calledadiabatic approximation

We consider here two-family mixing for simplicity. At any point in the trajectory, it is possible to

diagonalize the Hamiltonian Pxing the matter density to that at the given point. The resulting eigenstates
can be written as

[*1, = |"e, cOSC% ['y, SiNG (6.37)
|2, = |"e, SINC+ |"y, cos(: (6.38)

Neutrinos are produced close to the cemtre 0 where the electron density ¢(0). Let us suppose
that it satisbes

2 2GgNg(0) 3 $m2cosd. (6.39)

Then the diagonalization of the mass matrix at this point gives

C# §4| "o #| 2, (6.40)

in such a way that an electron neutrino is mostly the second mass eigenstate. When neutrinos exit the
sun, atx = Rg, the matter density falls to zerble(Rg) = 0, and the local effective mixing angle is the
one in vacuum{ = (. If ( is small, the eigenstat® is mostly",, according to Eq.&.38).

Therefore an electron neutrino producecat 0 is mostly the eigenstat®, but this eigenstate
outside the sun is mostlyj,. There is maximale ! ", conversion if the adiabatic approximation is a
good one. This is the famous MSW effe2B8[24]. The conditions for this to happen are:

b Resonant conditiarthe density at the production is above the critical one

$ m2cosq

Ne(0) > 2 .
(0 2 2EGE

(6.41)
b Adiabaticity the splitting of the levels is large compared to energy injected in the system by the
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Fig. 20: MSW triangle: in the region between the two lines the resonance and adiabaticity conditions

are both satisbed for neutrinos of energy 1 MeV.

variation ofN¢(r). A measurement of this is given bywhich should be much larger than one:

sin2( $ m? 1 S
"~ cosd 2E |5 logNg(r)|

' min > 1, (642)

where5 = -/-r .

At bxed energy both conditions give the famous MSW triangles, if plotted on the plane
(log(sin?2(), log($ m?)):

log($ m?) < log (W) (6.43)
log($ m?) > Iog(' min 2E5 log N%ﬁii) . (6.44)

For example, takingle(r) = Ncexp(@r/R o), Ro = Rg/1054 N =1.6$ 10?6 cm 3 E =1 MeV,
these curves are shown in FR)).

It should be stressed that neutrino oscillations are not responsible for the 3avour transition of solar
neutrinos. The survival probability of the solarin the adiabatic approximation is the incoherent sum
of the contribution of each of the mass eigenstates:

P("e! "o)= Z|+"e|'f—.(R&),|2|#.(0)|"e,|2, (6.45)

where* (r) is thei-th mass eigenstate for the electron number densif{r), at a distance from the
center of the sun. If the mass eigenstates contribute incoherently, how can we measure the neutrino mass
splitting? The answer is that the resonance condition of @41 depends on the neutrino energy. If we
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Fig. 21: Schematic survival probability of solar neutrinos as a function of the energy.

debne

$ m?cosq
2 2GENg(0)’

*
res

(6.46)

the MSW effect will affect neutrinos witle > E res, While for E < E es, the oscillation probability
is close to that in vacuum for averaged oscillations. The spectrum of the solar neutrino Bux includes
energies both above and bel@s:

P("e! ") # 1%3sin2(, E - Eres

P("e! "o) # sin?(, E 3 Eres (6.47)

The sensitivity tdb m? relies on the ability to locate the resonant energy. This behaviour is schematically
depicted in Fig21.

7 Evidence for neutrino oscillations

Nature has been kind enough to provide us with two natural sources of neutrinos (the sun and the atmo-
sphere) where neutrino Bavour transitions have been observed in a series of ingenious experiments, that
started back in the 1960s with the pioneering experiment of R. Davies. This effort was rewarded with
the Nobel prize of 2002 to R. Davies and M. Koshfbathe detection of cosmic neutrinos

7.1 Solar neutrinos

The sun, like all stars, is an intense source of neutrinos produced in the chain of nuclear reactions that
burn hydrogen into helium:

4p % “He +2e" +2". (7.1)
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Fig. 22: Spectrum of solar neutrinog§]. The arrows indicate the threshold of the different detection
techniques.

The theory of stellar nucleosynthesis was established at the end of the 300s by H2Hetfdé
spectrum of the soldre, for massless neutrinos, is shown in F2g. The prediction of this Bux, obtained
by J. Bahcall and collaboratorgq), is the result of a detailed simulation of the solar interior and has
been improved over many years. It is the so-called standard solar model (SSM).

Neutrinos coming from the sun have been detected with several experimental techniques that have
a different neutrino energy threshold as indicated in BR&).On the one hand, the radiochemical tech-
niques, used in the experiments Homestake (chloffi@) [27], Gallex/GNO R8] and SageZ9] (using
gallium, "*Ga, and germaniuni!Ge, respectively), can count the total number of neutrinos with a rather
low threshold E, > 0.81MeV in Homestake ané, > 0.23MeV in Gallex and Sage), but they cannot
get any information on the directionality, the energy of the neutrinos, nor the time of the event.

On the other hand, Kamiokand&( pioneered a new technique to observe solar neutrinos using
water Cherenkov detectors that can measure the recoil electron in elastic neutrino scattering on electrons:
"e + € | "o + e . Thisis areal-time experiment that provides information on the directionality
and the energy of the neutrinos. The threshold on the other hand is much highévleV. All these
experiments have consistently observed a number of solar neutrinos between 1/3 and 1/2 of the number
expected in the SSM and for a long time this was referred to asalae neutrino problem or debcit

The progress in this bPeld over the last two decades has been enormous culminating in a solution
to this puzzle that no longer relies on the predictions of the SSM. There have been three milestones.

1998 The experiment Super-Kamiokand#l] measured the solar neutrino debcit with unprece-
dented precision, using the elastic reaction (ES):

(ES) ne + e" ] "e + e Ethres> 5 MeV. (72)

The measurement of the direction of the events demonstrated that the neutrinos measured debnitely come
from the sun: the left plot of Fi®23 shows the distribution of the events as a function of the zenith angle
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Fig. 23: Left: distribution of solar neutrino events as a function of the zenith angle of the sun. Right:
seasonal variation of the solar neutrino Bux in Super-Kamiokande (from R&f)).[

of the sun. A seasonal variation of the RBux is expected since the distance between the earth and the sun
varies seasonally. The right plot of Fig3 shows that the measured variation is in perfect agreement
with that expectation.

2002 The SNO experimen®3, 34] measured the Rux of solar neutrinos using also the two reac-
tions:

(CO) "o+ d! p+p+e Etres> 5 MeV (7.3)
(NC) "x+d! p+n+"y x=e,% s> 2.2MeV (7.4)

Since the CC reaction is only sensitive to electron neutrinos, while the NC one is sensitive to all the types

that couple to th& ° boson, the comparison of the Ruxes measured with both reactions can establish if

there aré',, and"~ in the solar Bux independently of the normalization given by the SSM. The result

is shown on the Nobel-prize-winning plot Figd. These measurements demonstrate that the sun shines
"u,"») about twice more than it shinég, which constitutes the brst direct demonstration of Ravour

transitions in the solar Bux! Furthermore the NC Bux that measures all active species in the solar Bux, is

compatible with the totdle Bux expected according to the SSM.

All solar neutrino data can be interpreted in terms of neutrino masses and mixings. Th&solar
debcit can be explained foam?,,, # 7E8$ 10 °eV and a relatively large mixing angle. The fortunate

circumstance that
$ M2y, ) + Ei (1 MeV),/L (100km) 75)

implies that one could look for this oscillation measuring reactor neutrinos at baseliped@d km.
This was the third milestone.

2002 The solar oscillation is conbPrmed with reactor neutrinos in the KamLAND experirf@gt
This has 1 kilo ton of liquid scintillator which measures the Rux of reactor neutrinos produced in a cluster
of nuclear plants around the Kamioka mine in Japan. The average distathGesisl 75 km. Neutrinos
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Fig. 24: Flux of ", and"~ versus the [3ux of¢ in the solar neutrino Rux as measured from the three
reactions observable in the SNO experiment. The dashed band shows the prediction of the SSM, which
agrees perfectly with the Bux measured with the NC reaction (from B4).
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Fig. 25: Spectral distribution of thé& events in KamLAND (left) and, /L dependence (right). The
data are compared to the expectation in the absence of oscillations and to the best bt oscillation hypothesis
(from Ref. [36]).

are detected via inversedecay which has a threshold energy of atib6tMeV:

+p! e +n Ewn> 2.6 MeV. (7.6)

Figure25 shows the KamLAND results3p] on the antineutrino spectrum, as well as the survival
probability as a function of the ratig, /L .

The low-energy contribution of geo-neutrinos is clearly visible. This measurement could have
important implications in geophysics.

Concerning the sensitivity to the oscillation parameters, Faghows the present determination
of the solar oscillation parameters from KamLAND and other solar experiments. The precision in the

determination o m2,,,,is spectacular and shows that solar neutrino experiments are entering the era of
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Fig. 26: Analysis of all solar and KamLAND data in terms of oscillations (from R&6]).
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Fig. 27: Comparison of solar neutrino Buxes measured by the different solar neutrino experiments (from
Ref. [37)).

precision physics.

The last addition to this success story is the Borexino experirB&htThis is the lowest-threshold
real-time solar neutrino experiment and the only one capable of measuring the Bux of the monochromatic
’Be neutrinos and pep neutrinos. Their recent results are shown i@ Fig-he result is in agreement
with the oscillation interpretation of other solar and reactor experiments and it adds further information
to disfavour alternative exotic interpretations of the data.

In summary, solar neutrinos experiments have made fundamental discoveries in particle physics
and are now becoming useful for other applications, such as a precise understanding of the sun and the
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Fig. 28: Comparison of the predictions of different Monte Carlo simulations of the atmospheric neutrino
Ruxes averaged over all directions (left) and of the Bux ratlgs+ 8,)/ ("e + Be), "u/ 4, and” e/ &
(right). The solid line corresponds to a recent full 3D simulation. Taken from the last reference in
Ref. [38].

earth.

7.2 Atmospheric neutrinos

Neutrinos are also produced in the atmosphere when primary cosmic rays impinge on it préduking
that subsequently decay. The RBuxes of such neutrinos can be predicted within &ocld@effacy to be
those in the left plot of Fig28.

Clearly, atmospheric neutrinos are an ideal place to look for neutrino oscillation sinEg Ahe
span several orders of magnitude, with neutrino energies ranging from a few hundred Meé\GeV
and distances between production and detection varying #@h0* km, as shown in Fig29 (right).

Many of the uncertainties in the predicted Buxes cancel when the ratio of muon to electron events
is considered. The brst indication of a problem was found when a debcit was observed precisely in this
ratio by several experiments: Kamiokande, IMB, Soudan2 and Macro.

In 1998, Super-Kamiokande claribed the origin of this anoma$}. [ This experiment can dis-
tinguish muon and electron events, measure the direction of the outgoing lepton (the zenith angle with
respect to the earthOs axis) which is correlated to that of the neutrino (the higher the energy the higher
the correlation), in such a way that they could measure the variation of the Bux as a function of the
distance travelled by the neutrinos. Furthermore, they considered different samples of events: sub-GeV
(lepton with energy below GeV), multi-GeV (lepton with energy abodeGeV), together with stopping
and through-going muons that are produced on the rock surrounding Super-Kamiokande. The different
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Fig. 29: Left: Parent neutrino energies of the different samples considered in Super-Kamiokande: sub-
GeV, multi-GeV, stopping and through-going muons. Right: Distances travelled by atmospheric neutri-
nos as a function of the zenith angle.

samples correspond to different parent neutrino energies as can be seer2i(fafy).

The number of events for the different samples as a function of the zenith angle of the lepton are
shown in the Nobel-prize-winning plot Fig0.

While the electron events observed are in rough agreement with predictions, a large debcit of muon
events was found with a strong dependence on the zenith angle: the debcit was akhbst Bdse
events corresponding to neutrinos coming from betms( = %1, while there is no debcit for those
coming from above. The perfect bt to the oscillation hypothesis is rather non-trivial given the sensitivity
of this measurement to tHe (different samples) and (zenith angle) dependence. The signibcance of
theE, /L dependence has also been measured by the Super-Kamiokande Collabddjtias $hown
in Fig. 31 The best bt value of the oscillation parameters indigate® # 3$ 10 2 eV? and maximal
mixing.

Appropriate neutrino beams to search for the atmospheric oscillation can easily be produced at
accelerators if the detector is located at a long baseline of a few hundred kilometres, and also with
reactor neutrinos in a baseline©{1km), since

E: (1%10GeV)
L (102 %108 km)

E, (1%10MeV)
L(0.1%1km)

) (7.7)

|$ mgtmosl )

A conventionalaccelerator neutrino beam, as the one used in the LSS experiment, is produced from
protons hitting a target and producifigandK :

p ! Target! $*,K*1 " (%"e U, 'R) (7.8)
"w! "k (7.9)
Those of a selected charge are focused and are left to decay in a long decay tunnel producing a neutrino
beam of mostly muon neutrinos (or antineutrinos) with a contamination of electron neutrinos of a few

per cent. The atmospheric oscillation can be established by studying, as a function of the energy, either
the disappearance of muon neutrinos, the appearance of electron neutrinos or, if the energy of the beam
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Fig. 30: Zenith angle distribution for fully-contained single-riegike andu-like events, multi-ringu-

like events, partially contained events, and upward-going muons. The points show the data and the boxes
show the Monte Carlo events without neutrino oscillations. The solid lines show the best-bt expectations
for", 6 "- oscillations (from Ref.4Q]).

is large enough, the appearancéafeutrinos.

Three conventional beams conbrmed the atmospheric oscillation from the measurement of the dis-
appearance df, neutrinos: K2K (L = 235 km)42], MINOS (L = 730 km) 3] and from the appearance
of "+, OPERA (L = 730 km) §#4]. Fig. 32 shows the measurement of the survival probability as a
function of the reconstructed neutrino energy in the MINOS experiment.

Three reactor neutrino experiments, Daya B4§],| RENO [47] and Double Chooz48], have
discovered that the electron neutrino Bavour also oscillates with the atmospheric wavelength: electron
antineutrinos from reactors disappear at distanc&3(@fkm), but with a small amplitude. See Fig3.

Finally the T2K and NOVA experiments have measured the appeararigeaofia. in an accel-
erator",/ 4, beam §9,50] in the atmospheric range. The agreement of all these measurements with the
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Fig. 31: Ratio of the data to the non-oscillated Monte Carlo events (points) with the best-bt expectation
for 2-Ravour', 6 "+ oscillations (solid line) as a function & /L (from Ref. 41]).
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Fig. 32: Ratio of measured to expected (in absence of oscillations) neutrino events in MINOS as a
functions of neutrino energy compared to the best bt oscillation solution (from4®gf.

original atmospheric oscillation signal is excellent.

8 The three-neutrino mixing scenario

As we have seen, the evidence summarized in the previous section points to two distinct neutrino mass
square differences related to the solar and atmospheric oscillation frequencies:

2 2
|$ msolall - | $ matmosl (8-1)
' 840" 5 eV? ' 2,540 3 eV?

The mixing of the three standard neutrintg","» can accommodate both. The two independent
neutrino mass square differences are conventionally assigned to the solar and atmospheric ones in the
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Fig. 33: Ratio of measured to expected reactor neutrino events as function of the baseline in the Daya
Bay experiment (from Ref4fg]).

following way:
2 = m2 2 _ 2 2 = M2 - 2
$m13_ m3%ml =$ Matmos $m12_ mz%ml =% Msolar - (8-2)

The PMNS mixing matrix depends on three angles and one or more CP phases (ge8 Ei.the stan-
dard parametrization). Only one CP phase, the so-called Dirac phagpears in neutrino oscillation
probabilities.

With this convention, the mixing angl€ss and (12 in the parametrization of Eq4(7) corre-
spond approximately to the ones measured in atmospheric and solar oscillations, respectively. This is
because solar and atmospheric anomalies approximately decouple as independent 2-by-2 mixing phe-
nomena thanks to the hierarchy between the two mass splitf®igs2;,.d 3 | $ m2,,| , on the one
hand, and the fact that the anglg, which measures the electron component of the third mass eigenstate

elementin (13 = ( UPMNS)e3a is small.

To see this, let us Prst consider the situation in wiighiL ) | $ mZ,,,s|. We can thus neglect
the solar mass square difference in front of the atmospheric onE@hd The oscillation probabilities
obtained in this limit are given by

2

P("e! "u) # s33sin®2(13 sin2($2:51'3|_>, (8.3)
2

P(el ") # %3sin22(1gsin2<$2qul3L>, (8.4)
2

Pul ") # c‘l‘ssinzz(23sin2($;”ElfL). (8.5)

The results for antineutrinos are the same (there is no CP violation if one mass difference is neglected).
All Bavours oscillate therefore with the atmospheric frequency, but only two angles enter these formulae:
(23 and(13. The latter is the only one that enters the disappearance probability dotz in this regime
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since
W e o v W - 5 ($misl

This is precisely the measurement of reactor neutrino experiments like Chooz, Daya Bay, RENO and
Double Chooz. Therefore the oscillation amplitude of these experiments is a direct measurement of the
angle( 13, which has been measured to be small.

Note that in the limit(13 ! O, the only probability that survives in Ec8.§) is the", ! "~ one,
which has the same form as a 2-family mixing formula Eq29 if we identify
($ MZimos (amod | ($ M3, (23) - (8.7)

Therefore the close-to-maximal mixing angle observed in atmospheric neutrinos and the accelerator
neutrino experiments like MINOS is identibed w{ts.

Instead if we consider experiments in the solar raiigél. ) $ m2,,,, the atmospheric oscil-

lation its too rapid and gets averaged out. The survival probability for electrons in this limit is given
by:

" "oy — . 4 ) . 2 $m%2L 4

Again it depends only on two anglgs, and( 13, and in the limit in which the latter is zero, the survival
probability measured in solar experiments has the form of two-family mixing if we identify

($ MZgian (solad ! ($ M, (12) - (8.9)

The results that we have shown in the previous section of solar and atmospheric experiments have been
analysed in terms of 2-family mixing. The previous argument indicates that when bts are done in the
context of 3-family mixing nothing changes too much.

On the other hand, the fact that reactor experiments have already measured the disappearance of
reactori in the atmospheric range implies that the effect§af# 9( are not negligible, and therefore
a proper analysis of all the oscillation data requires performing global bts in the 3-family scenario.
Figure34shows theb . 2 as a function of each of the six parameters from one recent global an&lyisis |
See also Refs5p,53].

There are two parameters in which we observe two distinct minima, these corresponds to degen-
eracies that cannot be resolved with present data. The brst corresponds to the neutrino mass ordering or
hierarchy: present data cannot distinguish between the normal (NH or NO) and inverted ordering (IH or
10) represented in Figg5.

Note that we denote bg m2, = $ m2,,,s the atmospheric splitting for NO anfim3, =
%$ m2,,0s for 10. The second degeneracy corresponds to the octant choigg.oPresent data are
mostly sensitive tain® 2( »3. If this angle is not maximal, there are two possible choices that are roughly
equivalent(23 6 $/4%/(23. Due to this degeneracy, the largest angle is also the one less accurate. The
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Fig. 34: $ . 2 of the bts to the standa@ -mixing scenario including all available neutrino oscillation
data (from Ref. $1]). The solid lines do not include SK atmospheric data, while the dashed ones do.
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Fig. 35: Possible neutrino spectra consistent with solar and atmospheric data.
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1# limits for NO are:

(23/ =492, (12 =33.4977  (13/(=8.57(13)
$m?2,=7.4221)$ 10 *eV?,  $m3;=2.515(28)$ 10 % eV2. (8.10)

The CP phase remains roughly unconstrained &t,3vhile there is about half of the region excluded at
2#. As we will see, the dependence on the phase requires sensitivity to both frequencies simultaneously.

9 Prospects in determining unknown neutrino parameters

An ambitious experimental program is underway to pin down the remaining unknowns and reach a 1
precision in the lepton Ravour parameters. The neutrino ordering, the octést afd the CP violat-

ing phase, , can be searched for in neutrino oscillation experiments with improved capabilities. The
determination of the absolute neutrino mass scale relies on tritium beta decay experiments or cosmology.

9.1 Neutrino ordering

Concerning the neutrino ordering, the best hope to identify the spectrum exploits the MSW effect in
the propagation of GeV neutrinos through earthOs matter. In the case of three neutrinos propagating in
matter, the' mass eigenstates as a function of the electron density for vaniéhinz are depicted

in Fig. 36 for NO and 10. For NO we see that there are two level crossings giving rise to two MSW
resonances. The brst one is essentially the one relevant for solar neutrinos, as it affects the smallest mass
splitting, with the resonance condition:

@ = $ m%z cosd 12

= 9.1
res 2 2Ge N, ( )
The second one affects the largest mass splitting
$ mf;cosq13
Q== 9.2)

2 2GgNe

For 10, only the brst resonance appears in"tlebhannel.

For v the dependence de of the brst eigenstate has a negative slope and therefore there is no
resonance for NO and only the atmospheric resonance appears for 0.

The existence of the atmospheric resonance implies a large enhancement of the oscillation prob-
ability P("e 6 ") for NO for energies near the resonant energy and at sufbciently long baseline. For
IO the enhancement occursi{% 6 ') instead. For the typical matter densities of the earthOs crust
and mantle and the value of the atmospheric mass splitting, the resonant energy for neutrinos travelling
through earth ig# 6 GeV, an energy that can be reached in accelerator neutrino beams. The measure-
ment of the neutrino ordering becomes almost a digital measurement sending a convénbeasai
sufbciently far as shown in Fig.7, which shows the oscillation probabili§ (", ! "e) as a function of
the neutrino energy at a distance corresponding to the baseline from CERN-Kamioka (8770 km).

The Prst experiment that will be sensitive to this effect is the NOVA experiment, optimized like
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Fig. 37: Resonant increase of tige for NH as a function of neutrino energy forcorresponding to the
distance CERN-Kamioka for NH/IH. The bands corresponds to the uncertaintffriom Ref. [b4]).

T2K to see theé'e appearance signal, with a baseline8dfkm, which is however a bit short to see a
large enhancement. Nevertheless if lucky NOVA could discriminate the order8ig at

The atmospheric resonance must also affect atmospheric neutrinos at the appropriate energy and
baseline. Unfortunately the atmospheric Bux contains both neutrinos and antineutrinos in similar num-
bers, and the corresponding events cannot be told apart, because present atmospheric neutrino detectors
cannot measure the lepton charge. If we superimpose the neutrino and antineutrino signals, both order-
ings will give rise to an enhancement in the resonance region, since either the neutrino or antineutrino
channel will have a resonance. Nevertheless with sufpcient statistics, there is some discrimination power
and in fact the biggest neutrino telescopes, IceCube and KM3NeT have proposed to instrument more
Pnely some part of their detectors (PINGU and ORCA projects) to perform this measurement. Also
the next generation of atmospheric neutrino detectors, such as Hyper-Kamiokande, with @ {a6lor
more mass than the present Super-Kamiokande, or the INO detector that is designed to measure the muon
charge in atmospheric events, could discriminate between the two orderings.

A very different strategy has been proposed for reactor neutrino experiments (e.g. JUNO project).
The idea is to measure very precisely the reactor neutrinos at a baseline of r6Qd¢my where the
depletion of the Bux due to the solar oscillation is maximal. At this optimal distance, one can get a superb
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Fig. 38: Reactor neutrino spectrum in JUNO for NO/IO (from Ré&f7]).

measurement of the solar oscillation parametgrs, $ m2,), and, with sufpcient energy resolution, one
could detect the modulation of the signal due to the atmospheric oscill&®aq]. Figure 38 shows

how this modulation is sensitive to the neutrino ordering. A leap ahead is however needed to reach the
required energy resolution that would enable this measurement.

9.2 Leptonic CP violation

As we have seen, the CP phasgin the mixing matrix induces CP violation in vacuum neutrino oscil-
lations, that is a difference betweBr{"4 ! " )andP(: ! '9),for+ 2 !. Aswe saw in the general
expression of Eq.6.20), CP violation is possible if there are imaginary entries in the mixing matrix that
make Irﬂwﬂ.‘] 2 0. By CPT, disappearance probabilities cannot violate CP however, because under
CPT

P"s! ")=PWB ! ), (9.3)

so in order to observe a CP or T-odd asymmetry the initial and bnal Ravour must be diffe2eht,

acp « PCat ") %P B) 7, P(y! ")%P( ! ")
TOPCs! )+ P@ B) T P(l ") PO ")

(9.4)

In the case of 3-family mixing it is easy to see that the CP(T)-odd terms in the numerator are the same
for all transitions+ 2 ! :

solar atmos
2 2
. . . mé,L . . ms.L
sin,c13sin 2(13sin 2(12$ 127 sin 2( 53 sin® $ misl
ACP(T)-0dd ! 4E, (9.5)
lalp - P CP-even ’
tal g

As expected, the numerator is GIM suppressed in allwmeﬁ and all the angles, because if any of

them is zero, the CP-odd phase becomes unphysical. Therefore an experiment which is sensitive to CP
violation must be sensitive to both mass splittings simultaneously. In this situation, it is not clear a priori
what the optimization oE/L should be.

It can be shown that including only statistical errors, the signal-to-noise ratio for this asymmetry is
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maximized foE, ,/L ) $ M2, In this case, only two small parameters remain in the CP-odd terms:

the solar splitting$ m2,,., (i.e., compared to the other scalsnz;,,sand+E, ,/L ), and the anglé1s.

The asymmetry is then larger in the sub-leading transitibas: ", ("), because the CP-even terms in

the denominator are also suppressed by the same small parameters. A convenient approximation for the
"e 6 ", transitions is obtained expanding to second order in both small parantefprs [

- S ($mi,L
Prib) = 35 sin?2(13 sz(4E1'3> x patmos
2
¢ By i sin?( M2l ) 4 psolar
4E,
; $m%3L $m%2|- . $m%3L .
+ Jcos(+, % sin [ 13— * pinter 9.6
( 7 4E, > 4E, ! 4E, , (9.6)

whereJ * c¢i3 sin2(13 sin2(12 sin 2(23. The brst term corresponds to the atmospheric oscillation, the
second one is the solar one and there is an interference term which has the information on the phase
and depends on both mass splittings.

These results correspond to vacuum propagation, but usually these experiments require the propa-
gation of neutrinos in the earthOs matter. The oscillation probabilities in matter can also be approximated
by a similar series expansiofg]. The result has the same structure as in vacuum:

_ $13\° . ,/B:il
P!e!y.(bcb,u,) = S%3 S|n22(13<813> S|n2< _2 >
. $12\° . »(AL
+ 22 == —
G5 sin® 2(12 ( A > sin{ =
.$1, . AL _$13 . /B.lL $ 3L
+ JF — —_— T, % 4
J A sin( > ) B, sin > cos| =, % > : (9.7)
where
$m; '

B: = |JAx$13 .85 = A= 2GgNg. (9.8)

2E,
The oscillation probability for neutrinos and antineutrinos now differ not just because of leptonic CP
violation, but also due to the matter effects, that as we have seen can be resonant. In particular, the
atmospheric term which is the dominant one, shows the expected resonant enhancement in the neutrino
or antineutrino oscillation probability (depending on the ordering).

The sensitivity to the interference term requires very good knowledge of the leading atmospheric
term and the present degeneracies (the octant and the neutrino ordering) directly affect the leading term
compromising therefore thesensitivity. Either both uncertainties are solved before this measurement,
or there must be sufpbcient sensitivity from the energy dependence of the signal to resolve all unknowns
simultaneously.

A rough optimization ot for bxedE/L for discovering CP violation is shown in Fig9. It shows
the signal-to-noise as a function of the true value passuming only statistical errors, but including
the expected dependence of the cross sections and RBuxes. At very short baselines, the sensitivity is
compromised due to the lack of knowledge of the neutrino ordering. In a wide intermediate region
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Fig. 39: Signal-to-noise for the discovery of CP violation at PXel. ) $ m3,, as a function of
the true value of for L = 295km (long-dashed).. = 650km (short-dashed), = 1300km (dotted),
L = 2300km (solid). The ordering is assumed to be unknown.
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Fig. 40: Sensitivity to CP violation as a function of the true value @f Hyper-Kamiokande (left)§9]
and DUNE (right) p0]. Solid (dashed) lines on the left plot correspond to the mass ordering (MO)
known(unknown).

aroundO(1000)km the sensitivity is optimal, and at much larger baselines the sensitivity deteriorates
because the matter effects completely hide CP-violation.

Several projects have been proposed to search for leptonic CP violation, including conventional
beams, but also novel neutrino beams from muon decays (neutrino factories), from radioactive ion decays
(! -beams) or from spalation sources (ESS). The relatively large val(ig; ¢fas refocused the interest
in using the less challenging conventional beams and two projects are presently being developed: the
Hyper-Kamiokande detector, an up-scaled version of Super-Kamiokande that will measure atmospheric
neutrinos with unprecedented precision, and also intercept a neutrino beam from JPARC at a relatively
short baselind. = 295km, and the DUNE project that involves a liquid argon neutrino detector and a
neutrino beam from Fermilab to the Soudan mine at a baselihe=o1500km. The expected sensitivi-
ties to CP violation of both projects are shown in F@.
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9.3 Absolute neutrino mass scale

Neutrino oscillation experiments are only sensitive to neutrino mass differences, so at present we do not
have information on the absolute neutrino mass scale, only upper limits. The sum of all neutrino masses
is tightly constrained by cosmological measurements of the cosmic microwave background @MB) [

> mi" 0.12eV. (9.9)

As we have seen the kinematical effects of neutrino masses in this range can also modify the end-point
spectrum of beta decay. More precisely, this measurement can constrain the combination

my, %[> |Uei|2m?. (9.10)

The strongest upper limit of 0.8 eV as we saw has been set by the Katrin experijnent [

In Fig. 41 we show the allowed regions on the plame_ vs ), m; from the known neutrino
masses and mixings. The limit from cosmology on the right axis is already more stringent (although
cosmological model dependent) than the present and future expected sensitivity of the Katrin experiment.
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Fig. 41: Allowed region form, _ for IO (blue contour) and NO (red contour) from a global analysis of
neutrino data (from Ref51]) on the planeam, , vs the sum of all neutrino masses.

10 Outliers: the LSND anomaly

The long-standing puzzle brought by the LSND experiment is still unresolved. This experid2gnt [
observed a surplus of electron events in a muon neutrino beam$®fodecaying in Right (DIF) and a
surplus of positron events in a neutrino beam fromdecaying at rest (DAR). The interpretation of this
data in terms of neutrino oscillations, that is a non-vanisitifty, ! "), gives the range shown by a
coloured band in Figd3.
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Fig. 42: Reactor neutrino Bux measured by various near detectors compared with the recent Bux predic-
tions (from Ref. 70]).
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A signibcant fraction of this region was already excluded by the experiment KARMBNHat has
unsuccessfully searched fgr ! & in a similar range.

The experiment MiniBOONE was designed to further investigate the LSND signal, with incon-
clusive results§4]. They did not conprm the LSND anomaly, but found a signibcant excess at lower
energies §5]. Recently the MicroBoone experimertif], designed to have improved discrimination
capabilities of NC background, did not bnd evidence for the MiniBOONE anomaly.

On the other hand, the results of various short baseline (tens of meters) reactor neutrino experi-
ments were revised, after an update on the reactor neutrino Bux predi@i@&g]; which increased
these Buxes by a few per cent. While the measured neutrino Bux was found to be in agreement with
predictions before, after this revision some reactor neutrinos seem to disappear before reaching near
detectorsL. = O(10)m. This is the so-called reactor anomaly shown in Big. This result brought
some excitement because if this disappearance is due to oscillations, it might reinforce the oscillation
interpretation of the LSND anomaly.

The required mass splitting to describe both anomaliesris’g,, # 1eV2, which is much
larger than the solar and atmospheric, and therefore requires the existence of at least a fourth neutrino
mass eigenstate, If such a state can explain the LSND anomaly, it must couple to both electrons and
muons. Unfortunately the smoking gun would require that also accelésatisappear with the same
wavelength and this has not been observed:

P("u! "e) (| Ueily 2 LSND
1%P("e! "¢) ( | Ueil® reactor
1%P(C"w! "W (| Ual® not observed
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Fig. 43: Sterile neutrino search combining disappearandqﬁfs ante (from Ref. [71]). At 90% CL
only the region to the left of the red line is allowed, excluding most of the regions favoured by LSND,
MiniBoone and the global bts.

The strongest constraint on the disappearantg of the LSND range has been recently set by MINOS+
and the tension between appearance and disappearance measurements is shov® in Fig.

Very recently a new update on the Rux predictions has been presented and the signibcance of the
reactor anomaly has decreased. In parallel a plethora of new short baseline reactor neutrino experiments
(Prospect, DANSS, Stereo, NEOS, NEUTRINO-4) have taken data exploiting ttependence of a
putative oscillation signal. The results have for the most part not conbPrmed the oscillation of reactor
neutrinos. A global analysis of all the reactor data results shows that#ti®@esults are compatible
with the non-oscillation hypothesis. See Ré&2][for a recent status and references.

11 Neutrinos and BSM physics

The new lepton Ravour sector of the SM has opened new perspectives into the Ravour puzzle. As we
have seen neutrinos are massive but signibcantly lighter than the remaining charged fermions. Clearly
the gap of Figl1 calls for an explanation. The leptonic mixing matrix is also very different to that in the
quark sector. The neutrino mixing matrix is approximately given in Ret]. [

0.80%0.84 051%0.58 014%0.16
|Upminslss# | 0.23%0.50 046%0.69 063%0.78 | . (11.1)
0.26%0.52 047%0.70 061%0.76

The CKM matrix is presently constrainedd to be:

0.97435(16) 022500(67) 000369(11)
IVekm| # | 0.22486(67) 097349(16) 004182(85) | . (11.2)
0.00857(20) 004110(83) 0999118(31
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There is a striking difference between the two (and not only in the precision of the entries). The CKM
matrix is close to the unit matrix:

1 0()) 003
Vekm # | O() 1 00?%»], )) 02 (11.3)
0(% 002 1

while the leptonic one has large off-diagonal entries. With a similar level of precision, it is close to the
tri-bimaximal mixing pattern{4]

2 1
3 3 O
Upnvns # Vyibi # %\/% \/g \/g
1 1 1
NCRRCYERRYE
Discrete Ravour symmetries have been extensively studied as the possible origin of this pattern.

While we do not have yet a compelling explanation of the different mixing patterns, we do have
one for the gap between neutrino and other fermion masses. We saw that if the light neutrinos are
Majorana particles and get their mass via the Weinberg interaction ofLEighey are signalling BSM
physics. As we have seen neutrino masses are then

m =) (11.4)

where" represents the mass of the neutrino mass mediators, i.e. the heavy particles that give rise to the
Weinberg interaction. The more massive these particles are, the lighter neutrinos become. This is the
famousseesawnechanism depicted in Fig4.

m,

Fig. 44. Seesaw mechanism: the higher the sc¢alef new physics is, the lighter neutrino masses
become.

) on the other hand is the strength of the coupling of the new states with the lepton and Higgs
doublets. Both parameters are in principle undetermined and only the combifdtidrxed by neutrino
masses. If we assume that th&tural choice for) is O(1), then neutrino masses require) Mgur,
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that is a grand unibcation scale. This is an intriguing fact, however it leads to the famous hierarchy
problem [75,76]:

m3 ) "2 (11.5)

The recent discovery of the Higgs Peld and in particular the value of its mass 125 GeV [77]
suggests that the SM is as healthy as ever. In spite of the Landau poles present in the theory, the value of
the SM couplings surprisingly conspire to make the model consistent up to the Planck/§tale [

On the other hand, the SM contains other small couplings, for example the electron Yukawa cou-
pling is Ye ) O (10" ©). It is then a fair question to ask how small carbe not to worsen the Ravour
hierarchies in the charged lepton and quark sectors. Unfortunately the answer to this question depends on
the underlying model. We can for example consider the three types of seesaw models, which correspond
to the models that give rise to the Weinberg operator from the exchange of a massive patrticle, as depicted
in Fig. 45:

Fig. 45: Magnifying-glass view of the Weinberg operator in seesaw models of Type | (left), Type Il
(middle), Type Il (right).

b type | see-saw: SM+ heavy singlet fermiohk, with massM y [79882],
D type Il see-saw: SM + heavy triplet scal@r, with massdM ; [83E87],
b type lll see-saw: SM + heavy triple fermiortgwith massM ¢ [88,89,

In each of these caséss My, »,¢ and the matching of the underlying theory to the Weinberg interac-
tion Pxes) . For Type | and Il

Typel/lll: ) = O(YZ ), (11.6)

whereYy,s is the neutrino Yukawa coupling. In the case of Type Il also the scalar trilinear coupling
enters. If we now plot the hierarchies in the Yukawa couplings as opposed to the masses for Type | and
[ll, we see that assuming™y s ) Ye, the scalé’ can be close to the electroweak scale, as shown in
Fig. 46.

It is also possible that WeinbergOs interaction is generated by new physics at higher orders, such as
in the famous Zee moded()] and related one®[, 92]. In this case, neutrino masses have an additional
suppression by loop factof¢ (16$2) and generically higher powers of the couplings of the underlying
theory.
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Fig. 46: Yukawa hierarchies in the Type | and Ill seesaw mod#j§ ) Mgyt or) V.

Summarizing, for' . [v, Mgyt ], heutrino masses do not imply larger hierarchies than already
present in the minimal SM. Determining the scalés one of the crucial problems in neutrino physics
that we will try to elucidate in the future.

If * 3 100MeV, there is a model-independent prediction: neutrinoless double-beta decay is
possible with an amplitude proportional to the combination

Mee= > (Upmns )3imi. (11.7)
i=1,3

The information we already have about neutrino masses and mixings constrains this quantity to be in any
of the bands in Figd7 depending on the neutrino mass ordering.
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Fig. 47: Allowed region formee for 1O (blue contour) and NO (red contour) from a global analysis of
neutrino data (from Ref51]) on the planange vs the sum of all neutrino masses. We have added by the
shaded region the exclusion from present neutrinoless double-beta decay searches.

Obviously if" is below the energies of present colliders, the new particles may be directly acces-
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sible. The dynamics of this new physics sector breaks lepton number and generically might induce the
generation of the baryon asymmetry in the universe or may be connected to dark matter. Unfortunately
both predictions: the production of these new states in colliders and their connection to baryogenesis or
dark matter are model dependent. The type | seesaw model is the better studied case so we will consider
this scenario in the following discussion.

11.1 One example: Type | seesaw model

It is arguably the most minimal extension of the SM explaining neutrino mag8e87). It involves

the addition ofng / 2 singlet Weyl fermions} g, to the SM. Withng = 2 two light neutrinos can be
massive, which is the minimum compatible with neutrino mass measurements, i.e. two neutrino mass
differences. The minimum number of singlets required to give non-zero mass to the three light neutrinos
isnr = 3, as shown in Fig48.

(12,1 @2,: @) G G (1,1)0
!ee 3: er Uk dq I é

I | " L
uu ; HR ck Siq I F22

| " |
I t "o tiR UR ! I%

Fig. 48: Particle content of the SM+Type | seesaw model with three light massive neutrinos.

The most general renormalizable Lagrangian which satisbes Lorentz and the gauge symmetries is
given by:

Nr
Lryper = Lsm%> E'YF #"L %> SR My "L+ h.c., (11.8)
#,i ij

where the new parameters involved ar8 & ng neutrino Yukawa matrix and ar $ ng symmetric
Majorana mass matrix for the singlet pelds. Upon spontaneous symmetry breaking these couplings
become mass terms, that can be written in the Majorana Pgsi$r) as

1 0 mp "C
L I L % — (' "@ + h.c.+ .. 11.9
Typel SM 02 (ﬁ_ R) (mg MN) <"R> c ( )
where
mp =Y, 'Vi. (11.10)
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Note that Dirac neutrinos are a particular case of the modetgor= 3. If we invoke a global lepton
number symmetry, under whicl have charge 1, this forcedMy = 0, the singlets are exactly equiva-
lent to the right-handed neutrinos in the Dirac case described i8dedn the opposite limiMy 3 v,
the singlets can be integrated out and give rise to the Weinberg interaction as well as ahe s, atc.
For intermediatéV \ , the spectrum of this theory contains in gen&alng Majorana neutrinos, which
are admixtures of the active ones and the extra singlets.

It is easy to diagonalize the mass matrix in EfL.Q in an expansion imp/M . The result to
leading order in this expansion is

0 m %mp =—m& 0 1
ut( . P lu# DMyTD +0((?), U= 0 (11.11)
mL My 0 My 0w 1
where
(= mt 1 (11.12)
DMN. .

The matrix represents the active component of the heavy neutrino states and therefore controls their
gauge interactions. To this order therefore the light neutrino and heavy neutrino masses are given by

_ 1 _
m, = Diag [%mD Mmg] , My =Diag[My]. (11.13)
N
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Fig. 49: Spectrum of the type | seesaw model fgy = 3 as a function of a commo y .

Figure 49 depicts the spectrum for the casemf = 3 as a function of a commokl . In the
limit My ! 0Othe states degenerate in pairs to form Dirac fermionsMAs increases three states get
more massive proportional fdy . These are often referred to as heavy neutral leptons (HNL), while
three get lighter proportional td N 1 as expected from the seesaw mechanism. The number of new free
parameters is large. For the cage= 3 there are 18 fundamental parameters in the lepton sector: six of
them are masses, six mixing angles and six phases. The counting of parameters fomgeisesabwn
in Table4. Out of these 18 parameters we have determined only bve: two mass differences and three
neutrino mixing angles.

A very convenient parametrization in this model was introduced by CasasblBgravhich
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Table 4: Number of physical parameters in the see-saw model witmmilies and the same number of
right-handed Majorana neutrinos at high and low energies

Yukawas Field redebnitions No.m | No.( | No.*

see-saw | Y,Y;, Mg = M% | U(n)3

E/ M; |5n2+n &2”)&;”) 3n n2%n | n2%n
see-saw | Y|, + = + u(n)?
E- Mi|3n%+n n?%n,n?+n | 2n n®n | nZn

allows to write in all generality (up to corrections 6f((?)) the Lagrangian parameters in terms of
those of the light neutrino masses and mixings, and others related to the HNLs. In particular the phe-
nomenology of this model depends on the spectrum of neutrino mass eigenstates, that we denote by
("1,"2,"3,N1,N2,...Np ), and their admixture in the 3avour neutrino states :

" . N3
: U | | vun | N2 (11.14)
" N
In the Casasblbarra parametrization we have
Ui = Upwmns ¥ o((%,
Un = iUpuns mMIR! |\1/|h+ o((?), (11.15)

whereR is a general complex orthogonal matrRR = 1, which together with the heavy neutrino
massesMy,, parametrizes the parameter space inaccessible to neutrino oscillation experiments. Note
that Uy is the mixing matrix that we measure in neutrino oscillation experiments, assuming the heavy
states are too heavy to play a role. This matrix is however no longer udibaythe unitarity violations

are parametrically 0®((%)) m/M p, .

Equations {1.15 indicate that in this model there is a strong correlation between Ravour mixings
of the heavy stated);,, and the ratio of light-to-heavy neutrino masses. However the presence of the
unknown matrixR, which is not bounded, implies that the naive seesaw scallingL2 ) m/M y, that
would hold exactly for one neutrino family, is far too naive fog > 1. In fact there are regions of
parameter space where these mixings can be much larger than suggested by the naive scaling, and these
are precisely the regions with more phenomenological interest, as we will see below.

Let us discuss some phenomenological implications of the different choices of thé/kgale

3The CasasPlbarra parametrization needs to be modibed in the presence of large unitarity violations. A similar parametrization
valid to all orders irl is given in Ref. p4].
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11.1.1 Neutrinoless double-beta decay

The amplitude for this process receives contributions from the light and heavy states:

; R VI 1D
mEe * ;(UPMNS)eimi + J;(Ulh)ej M] m, (1116)
where the ratio of matrix elemenitd © © for heavy and light mediators satisf9):
M™% (M) 100MeV\ ? V10 1117
M "o 0) |\/|j ! I .

If all the heavy state mass8s 100MeV, the second term is suppressed and the amplitude contains only
the light neutrino masses and mixings, which is constrained as shown before #vFiy.plethora of
experiments using different technologies have been proposed to reach a sensitivityimthe range

of 10 2 eV, which could be sufbcient to explore the full parameter space in the case of the 10. The
importance of this measurement can hardly be overstated. A nonvggrwill imply that neutrinos are
Majorana and therefore a new physics scale must exist, that lepton number is violated, and might give
very valuable information on the lightest neutrino mass, and even help establishing the neutrino mass
ordering. On the other hand, if the heavy states are not too heavy, dfifiMeVbfew GeV, they could

also contribute to the process signibcantly and even dominate over the light neutrino contribution for
both orderings$6E908].

11.1.2 Cosmology and the seesaw scale

ForMy " 100MeV, the heavy states in seesaw models can sizeably modify the history of the Uni-
verse: the abundance of light elements, the Buctuations in the CMB and the galaxy distribution at large
scales. This is the case because these extra states contribute to the expansion either as a signibcant extra
component of dark matte&¢,) or radiation § Ng, ).

The singlet states in this mass range are producdd la¢low the electroweak phase transition
via mixing. The staté will reach thermal equilibrium if their interaction rates (T), is larger than the
Hubble parameter at sormie If this is the case, the extra species will contribute like one extra neutrino
for T > M or like an extra component of dark matter for< M ;. The latest results from Planck
strongly constrain an extra radiation component at CMB:

Ne (CMB) =3 .2+ 0.5. (11.18)

and also measures the dark matter component &.pe 0.308+ 0.012 Similar bounds are obtained
from the abundance of light elements, BBN. These bounds exclude the possibility of having essentially
any extra fully thermalized neutrino that is sufpciently long-lived to survive BBN. It can be shown that

%, . (T .
,‘jl((T)) reaches a maximum a&t,ax [99,10q and

the ratio

! si(Tmax) Z# |(Ulh )#i |2Mi .

HTmad) | /o (Tma)
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The naive seesaw scalityf M ) m;, would seem to imply that the thermalization condition depends
only on the light neutrino masses and is independent on the seesaw scale. In fact a detailed study shows
that indeed this naive expectation holds.

Forng = 2, the heavy states must by / 100MeV [101], so that they might decay before BBN.
Forngr = 3 two things can happeri{Z. If the lightest neutrino massiightest / 3$ 10 3 eV, all the
three heavy states thermalize avig/ 100MeV. If Mjghest " 3$ 10 3 eV two states must be above
this limit, but one of the states with malt; might not thermalize and therefore be sufbciently diluted.
M1 may take any value provideadghest , Which is presently unconstrained, and is tuned accordingly.

11.1.3 Warm dark matter

For Mightest " 10 ° €V, M1 might beO( keV), and a viable warm dark matter candidat€3 104.

This scenario is the so-callédMSM model [L04]. The most spectacular signal of this type of dark matter

is a monochromatic X-ray line from the decay of this keV neutrino. There has been some evidence for
an unexplained X-ray line in galaxy clusters that might be compatible with a 7 keV neut@bdlpg.

These results are under intense scrutiny. If interpreted in terms of a keV neutrino, the mixing however is
too small and some extra mechanism is needed to enhance the production so that it matches the required
dark matter density, such as the presence of large primordial lepton asymnidides [

11.1.4 Direct searches for heavy neutral leptons

Naturalness arguments suggest that maybe the sch ab not far from the electroweak scale. States
with masses in this range could be produced in the 1818[ The production of the HNL is mediated
by charged or neutral currents or Higgs interactions with strength given iysftmupling, see Figh0.
The most important production mechanisms, from meson decagseatcollisions at thez peak or at
hadron colliders, are shown in Figl

Iy
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Fig. 50: Interactions of HNL in Type | seesaw model.
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Fig. 51: Production processes of HNLs from meson decays, colliders and hadron colliders.
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The present experimental bounds on ghmixings of these heavy states are shown in Figs.
on the plane_,_ e [(Un)# |2 versusM ;. The shaded regions correspond to existing constraints and
the unshaded ones to prospects of various new experiments. For masses below a few GeV, the best
constraints come from peak searches in meson decays. In particular the new beam dump experiment
SHIP [109 can improve considerably the sensitivity in the region between the Kaon and B meson mass.
Above the B meson mass and below the Z boson mass, searches in FCCee at the Z peak would improve
present limits by several orders of magnitud&(. The best existing limits in this range come from the
LEP experiment DELPHIJ1]] and LHC searches from displaced verticg$Z,113. The HNL in this
range are very long lived and lead to displaced dech¥4tjl 16 that have a negligible SM background.

U2= |(Un), I

1

| al Direct Searches ifU2| ]
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Fig. 52: Constraints from present and future experiments on a HNLs. Shaded regions are existing bounds
on the HNL electron mixing as a function of the HNL mass, from the various processes that are sensitive
to different mass ranges. The dashed line is the future sensitivity of SHiP at lower masses and FCCee at
higher ones. Below the seesaw line neutrino masses cannot be explained. The exclusion from BBN is
also added. Figure is courtesy of S. Sandner.

For masses above th&% and Z masses, the best constraints are presently coming from LHC
searchesl17119.

12 Low-scale leptogenesis
The Universe is made of matter. The matterbantimatter asymmetry is measure@ip be [

Np %N .
/g * %) 6.21(16)$ 10 1. (12.1)
)

One generic implication of neutrino mass models is that they provide a new mechanism to explain this
asymmetry dynamically.

It has been known for a long time that all the ingredients to generate such an asymmetry from a
symmetric initial state are present in the laws of particle physics. These ingredients were brst put forward
by Sakharov12Q:

1. Baryon number violation
B + L is anomalous in the SMLR]] both with and without massive neutrinos. At high T in the early
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Fig. 53: Artistic view of a sphaleron.
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Fig. 54: Sphaleron rate in the SM normalized By as function of the temperature, frohZ3. The
horizontal line corresponds to the Hubble expansion rate.

Universe,B + L violating transitions are in thermal equilibriurtid2] due to the thermal excitation of
conbgurations with topological charge called sphalerons, se&%ig.

These processes violate baryon and lepton numbers by the same amount:
$B =% L. (12.2)

In seesaw models, there is generically an additional sourcevadlation (andB %L ). If a lepton charge
is generated at temperatures where the sphalerons are still in thermal equilibrium, a baryon charge can
be generated.

The sphaleron rate in the SM has been computed accurately after the discovery of the Higgs
boson [L23. The rate normalized to the fourth power of the temperature is shown irbFground the
electroweak phase transition. At/ 160GeV the rate i +3, T4, while it drops exponentially at lower
temperatures. The Hubble rate is indicated by the horizontal line. The temperature where the sphaleron
rate equals the Hubble expansion rate is the sphaleron decoupling tempeTégprebelow which no
baryon number violation is possible.
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2. C andCP violation

Any lepton or baryon asymmetry can only be generated if the@eandCP violation. Seesaw models
generically include new sources GP violation. As we have seen in type | seesaw model wigh= 3

there are six new CP phases in the lepton sector. They can be absorbed in the YukawaYimafrix,

Eq. (11.8. Even though CP violation is connected to imaginary phases, CP violating observables such as
the baryon asymmetry depends on many 3avour parameters. A very useful concept is that of the Ravour
CP invariants124. Let us consider for example the minimal SM. Since quark Yukawa couplings are the
only source of CP violation and they are small, we expect that any CP violating asymmetry generated
at high temperatures (above the quark masses) can be expanded as a a polynomial in the up and down
Yukawa couplingsy, andYy. Furthermore we expect that this polynomial is independent of the Ravour
basis usetland it is not real, that is it must have a non-zero imaginary part. The lowest order polynomial

of Y, andYy that satispes these conditions is the famous Jarlskog invati2d4jt [

¢ quarks — [det ([Yuvu ,ded)} ( 3 [](m3, %m3 ) [J(m2, %m? ), (12.3)
i<j

i<j
with
J* Im[\/ij#\/ii V“#V” ] = 0235230123120%3513 sin ) (12.4)

We can then naively estimate the baryon asymmetry generated at the EW transition in the SM as

$ quarks

Ys ( TCle ) 10 20, (12.5)
EW

where the denominator is bxed by dimensional analysis. This simple analysis shows that the CP violation
in the minimal SM is far too small to explain the baryon asymmetry at the electroweak phase transition.
A detailed computation arrives to the same conclusidy.

In the case of the Type | seesaw extension of the SM we have also CP violation in the lepton
sector encoded in the Ravour parameters: Majorana mass matrix of the sikbletand the neutrino
and charge lepton Yukawa¥, andY). The lowest order invariant involving, andMy is [126,127):

$ lopons = m (Tr[Y! Y'M MM (Y, Y, )*M ]) , (12.6)

or including also the lepton Yukawa

glepons = | (Tr[Y! Y'M MY, VY, Y, ]) * S YRS 4. (12.7)
#

Even at low scales, these invariants are potentially much larger that those in the quarkistor [

3. Departure from thermal equilibrium
In order for a CP asymmetry to arise, it is necessary that the relevant processes occur out of thermal
equilibrium since otherwise the abundances are bxed by the thermal FermibDirac distributions and are

4A unitary rotation in Ravour space of left and right chiral belds leaves all the terms in the Lagrangian invariant except the
Yukawa couplings.
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M71
Fig. 55: High scale seesaw: abundance of the heavy Majorana singlets at the decoupling temperature
and the lepton number generated in the decay.

equal for particles and antiparticles. Out-of-equilibrium conditions can happen in the evolution of the
universe in the presence of brst-order phase transitions, or due to the presence of sufbciently weakly
coupled sectors that cannot keep up with the expansion of the universe. This happens when the interaction
rates become smaller than the Hubble expansionaie) * H (T). This must happen at above the
sphaleron decoupling, ™" to be effective in generating baryons.

No particle in the minimal SM satisbes this condition within the standard cosmological model,
not even neutrinos, that decouple much below sphaleron decoupling. On the other hand, the SM predicts
the existence of a phase transition from the broken phase at low temperatures to a symmetric phase
above, i.e. the EW phase transition. The critical temperafig®,, is closely related to the sphaleron
decoupling temperature. The EW transition has been shown to be a crossover transition and therefore
with insufbcient departure from thermal equilibriur2g.

In the Type | seesaw extension at low scales however, some of the states are more weakly interact-

ing than neutrinos and therefore can fulbl the requirerh@nT) " H(T), forT / Tjgé‘

In the high scale scenarid; 3 v, the non-equilibrium condition is met at freeze out of the
heavy neutrino states. These are thermally produced and freeze out at temperatures similar to their
masses]28. A net lepton asymmetry can be produced if the decay rate is slower than the expansion of
the Universe al ) M;j, as shown in Fig55.

In contrast, in the low-scale scenario, fidr; < v, the out-of-equilibrium condition is met at
freeze-in [L04,130,131], that is some of the states never reach thermal equilibrium aﬁﬁ&b A non-
vanishing lepton and baryon asymmetry can survive and, if this is the case, sphaleron transitions can
no longer wash it out. It turns out that these conditions can be met naturally in type | seesaw models
for masses in the rang@.1, 100] GeV. The relevant CP asymmetries arise in the production of the
heavy seesaw states via the interference of CP-odd phases from the Yukawa couplings with CP-even
phases from propagation and oscillations, seeF8gA quantum treatment of the corresponding kinetic
equations is mandatory in this case and quite complex.

A perturbative solution to the kinetic equatiori8p] allows to extract the analytical solution for
Yg in terms of the CP invariants, and using the Casasblbarra parametrization can then be expressed in
terms of the neutrino masses and mixings, CP phases and HNL parameters.
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Fig. 57: Numerical scan of points on the plane of mixing versus mass of the HNL where the baryon
asymmetry can be explained and within the sensitivity region of SHiP and/or FCCee (dashed line) in the
minimal Type | seesawnRk = 2). The line is obtained analytically from a perturbative solution of the
kinetic equations that can be expressed in terms of CP [Ravour invariants and maximized over unknown
parameters. From Refl32.

In Fig. 57 we show the region on the plak& v.s.M;, where the baryon asymmetry and neutrino
masses can be accounted for within the range of sensitivity of the future SHiP and FCCee projects. The
solid line is the analytical upper bound to explain the baryon asymmetry based on the analytical solutions,
and maximizing the asymmetry over the unknown parameters. This demonstrates the discovery potential
of the future projects.

Other interesting correlations betwe¥ésn and other observables are shown in E§. On the left,
we show the HNL Bavoured mixings for masses in the range accessible to FCC when neutrino masses are
explained for both hierarchies. On the right plot the constrain of generating the correct baryon asymmetry
is added. The correct baryon asymmetry therefore restricts the Ravour of the HNL mixings as well as the
PMNS CP phases (only two forr = 2), as shown in Fig59 for both hierarchies.
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Fig. 58: Normalized mixings te, p, %of HNLs with masses in the range of FCCee and mild degeneracy.
Only the constrain from neutrino masses is imposed on the left plot, while al¥g tleeimposed on the
right plot. The two regions correspond to neutrino orderings. From R&f].
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Fig. 59: Numerical scan of points that explaifg on the plane of the Dirac CP violating phaseand
the Majorana phasé, in the minimal Type | seesamg = 2). From Ref. [L32.

An interesting question is whether the baryon asymmetry can be predicted quantitatively from the
measurements of CP violation in neutrino oscillations or from the CP violation in the neutrino mass ma-
trix. Unfortunately this is not the case generically, because the asymmetry depends on more parameters
than those in the light neutrino mass matrix. However, if the model is sufpciently constrained very strong
correlations can occur.

For example, in the minimal Type | seesaw modg{, = 2, and in the assumption that the two
eigenvalues of the matrid \ are degenerate, there are only two physical CP violating phases, that can
then be parametrized by the two in the light neutrino mass matrix. They determin&/bahd CP
violation in neutrino oscillations. In this case, the measurement of the HNL mixings to electrons, muons
and%®s can pin down the CP phase in neutrino oscillation¥gng to discrete degeneracies, as shown
in Fig. 60. If the phase is also measured, a predictionYy is possible from laboratory measurements.

This simple example demonstrates the interplay betwéemnd other observables in neutrino
physics.
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Fig. 60: Assuming the minimal Type | seesaw model with = 2, and degenerate singlets within the
FCCee range, with parameters that can explain neutrino massegantpper Plot: determination

of , andYg from a putative measurement of HNL mixings to electrons and muons and masses with
accuracies as indicated, and for NO (blue) and 10(blue). Middle Plot: adding also a measurement of
the HNL mixing to%0s. Bottom Plot: adding also a measurement of the phiasm future neutrino
oscillation experiments. From Refl33].
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13 Conclusions

The results of many beautiful experiments in the last decade have demonstrated that neutrinos are massive
and mix. The standar8' scenario can explain all available data, except that of the unconbrmed signal

of LSND. The lepton Ravour sector of the Standard Model is expected to be at least as complex as the
guark one, even though we know it only partially.

The structure of the neutrino spectrum and mixing is quite different from the one that has been
observed for the quarks: there are large leptonic mixing angles and the neutrino masses are much smaller
than those of the remaining leptons. These peculiar features of the lepton sector strongly suggest that
leptons and quarks constitute two complementary approaches to understanding the origin of Bavour in
the Standard Model. In fact, the smallness of neutrino masses can be naturally understood if there is new
physics beyond the electroweak scale.

Many fundamental questions remain to be answered in future neutrino experiments, and these can
have very important implications for our understanding of the Standard Model and of what lies beyond:
Are neutrinos Majorana particles? Are neutrino masses the result of a new physics scale? Is CP violated
in the lepton sector? Could neutrinos be the seed of the matterbantimatter asymmetry in the Universe?

A rich experimental programme lies ahead where fundamental physics discoveries are very likely
(almost warranted). We can only hope that neutrinos will keep up with their old tradition and provide a
window to what lies beyond the Standard Model.
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