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1. Introduction

Experimental results accumulated over the last 12 years piravide convincing evidence for
neutrino oscillations [1]. This implies that at least twa ofi the three neutrinos in the Standard
Model (SM) have to have non-zero mass. In the presence of siteigs for neutrinos, one expects
that the neutrino fields participating in the charged cur(€c) interaction, will be superpositions
of the fields with definite mass. Hence, there will be mixingha lepton sector, in the same way
as CKM mixing in the quark sector. Let us consider, to be $ge@ Majorana mass term for
neutrinos, together with the mass term for charged leptons:

3

gM — —Ei:
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Then in general the CC interaction is not diagonal in theshasbithe neutrino mass eigenfields

V1, Vo, V3, Used in eq. 1.1:

3
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where (Ugi) = Upmns is the Pontecorvo-Maki-Nakagawa-Sakata lepton mixingrisn§2]. Note
that the “effective” mass term in equation 1.1 violates gaimgariance. Therefore the SM has to be
extended in order to give mass to neutrinos in a consistent waparticular, it is necessary to add
new degrees of freedom to the SM, such as right-handed nesitor new scalar representations.
The conventional parameterization [3] for the lepton mixmatrix isUpyns = VPracpMaj
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wheres;j = sin6;j andcjj = cos8;. The three mixing angles are given by

U ) U
Vs sinB13 = |Ug| tan612:| 2| (1.4)
Uq3]

tanBy3 = :
Uet |

There is one Dirac phas®& which leads to CP violation in neutrino oscillations. Ferttmore, if
neutrinos are Majorana particles there are two physicabhap phases BV = diag(1,€°/2,€P/?),
which have no effect in neutrino oscillations, but appedejton-number violating processes such
as neutrino-less double beta decay.

2. Present status of neutrino oscillations

Neutrino oscillation is a quantum mechanical phenomenanilasi to interferometry, which
leads to the transition between different neutrino flavoues, a neutrino originating from a CC
interaction together with a charged leptép can produce a charged leptdp in a CC reaction
in a detector separated by some distabhdeom the production point. This effect occurs if the
lepton mixing matrix is non-trivial, if neutrino masses an-degenerate, and if the experimental
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Figure 1: Determination of oscillation parameters from the inteypéglobal data [5].
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between two neutrino mass states &fds the neutrino energy. A recent discussion of quantum
mechanical aspects of neutrino oscillations can be fouritkin [4].

The determination of the three—flavour neutrino oscillafi@arameters from the global data is
illustrated in Fig. 1. From solar and atmospheric neutrisailations we know that two out of the
three mixing angles are large, and in the caségeven consistent with maximal mixing:

conditions are such that the pha&aﬁ L/2E, = 1, whereAnﬁ- is the mass-squared difference

i1, =0.318'3312,  sinfB,3=0.51"208, (2.1)

The third mixing angle 913, is constrained to be small from the combined global daté) am
important constraint from the CHOOZ reactor experiment:

sifB13=0.013"3913,  sin®613<0.031(0.047) at 90% CL (). (2.2)

Hence there is a slight hint for a non-zero valuefgf (at about 150, depending somewhat on
assumptions concerning the solar model) which, howevenotsstatistically significant. It is
interesting to compare the current upper bound on the sshalement in the PMNS matrix,
|Ues| = sinBy3 < 0.217 at 3, to the largest off-diagonal element of the CKM matrjMys| =
0.225240.0009 [3], which are of comparable size.

Neutrino oscillations are sensitive to the mass-squarkereinces of neutrinos{;nﬁ- = —
mjz, wherem is the mass of the neutrino mass eigenstatélence, no information can be obtained
on the absolute scale of neutrino masses from oscillatifim’s are determined best by the energy
spectrum in the KamLAND reactor experimednt,) and the MINOS long-baseline accelerator
experiment 4m3,), see fig. 1:

Amp; =7.59'8093 x 10 °eV?,  Amg, = { ;gg} +£0.10x 10 3eV2. (2.3)

By conventionmy < mp and hencéAmg, > 0. Thanks to the matter effect inside the sun we know
that 8,1, < 45°, which together with the fact th# 3 is small implies that the mass statecontains
dominantly the electron neutrino. On the other hand curdeté does not allow to determine the

Lvalues for oscillation parameters given here are based datag results from [5] (errors at).
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sign of Am3,. Therefore eithev; or v; could be the lightest neutrino, which is referred to as nérma
(NH) or inverted (IH) hierarchy, respectively. These twagibilities correspond to the two values
for Am3, given in eq. 2.3. Note that the absolute valued\wg, are slightly different for the two
mass orderings. Generic three—flavour effects such as G#tigiv are suppressed by the small
quantitiesAmg, /|Amg, | ~ 0.03 and6;s.

3. The next steps

The next important goal in neutrino oscillations is the deieation of the mixing angl®s.
There are 5 experiments under way wlfy being their primary target, the three reactor exper-
iments Daya Bay, Double Chooz, and RENO, looking/atlisappearance at distances of order
1 km, and the two accelerator experiments T2K and NOVA, saagdor v;, — Ve transitions due
to Amgl. These experiments will explore the range?$iry > 0.0025 in the next couple of years,
about one order of magnitude smaller than the present baeeds, 7]. Once a finite value 6f3
is established one may aim for the ultimate goals of neutsmllation experiments, namely the
search for CP violation in neutrino oscillations and theed®ination of the neutrino mass hier-
archy. This will require a next generation long-baselinatrieo experiment such as an upgraded
super-beam, a beta beam, or a neutrino factory, see [6].

Neutrino oscillations are not sensitive to the absoluteievalf neutrino mass. Currently the
strongest constraint comes from cosmology, bounding thre&funeutrino masses to be less than
about 0.5 eV. The upcoming KATRIN experiment searches foekiatical effects of neutrino mass
on the endpoint of the electron spectrum in Tritium beta deoal aims at a sensitivity of about
0.2eV.

Important information on the nature of neutrinos will commenfi neutrino-less double beta
decay experiments [8]. These experiments search for thsitien of a nucleusA,Z) to (A, Z+2)
accompanied by the emission of two electrons (but no netrifhis is a lepton number violating
process (it violates lepton number by two units), an obsnvaf which would be a ground break-
ing discovery. This process can be mediated by neutrino tdafomasses or some other lepton
number violating mechanism, such as R-parity violatingessypgmmetry, right-handedk bosons,
or doubly-charged scalars. Although these latter mechemimay be unrelated to neutrino masses
themselves, one can prove the following statement [9, 1@kutrino-less double beta decay is ob-
served it is not possible to forbid a Majorana mass term fatrireos by any symmetry. Therefore,
in a “natural theory” (without cancellations of loop induckerms) a Majorana mass for neutrinos
will be generated at some level, if neutrino-less doubla betay is observed.

4. Why are neutrino masses so small?

Since oscillation data tell us that neutrinos cannot be lessshe question arises, why neutri-
nos are so much lighter than any other fermion in the Standankl. Fig. 2 illustrates the fermion
masses in the Standard Model. Reading this figure vertjaaily finds that neutrinos have to be at
least 6 orders of magnitude lighter than the charged fersmbthe same generation. When looking
at the figure horizontally, it appears that—especially férok quasi-degenerate (QD) neutrinos—
the mass pattern between generations of neutrinos may pdifferent than for charged fermions.
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Figure 2: Fermion masses in the Standard Model.

In the SM neutrinos are massless sirigethe absence of right-handed neutrinos prevents a
Dirac mass term for neutrinos, afii) given the field content and the gauge structure of the SM
lepton numberl) is conserved (0B — L at the quantum level), which prevents the appearance
of a Majorana mass. If right-handed neutrinos are addededStl neutrinos could be Dirac
particles. However, in the presence of right-handed nsaegriwhich are true singlets under the
SM gauge group) lepton number is no-longer automaticallyseoved and one has to impose this
as an additional constraint on the theory. Therefore, haiweappears to be more natural that
neutrinos have Majorana mass. Indeed, maybe the specpnties of neutrinos mentioned above
could be related to the fact that they are Majorana partickdsch is not possible for charged
fermions.

Assuming that there is some new physics at a high energy Acatlow energy one expects
this new physics to show up in the form of non-renormalizadgperators of dimensiod > 4,
suppressed by powers 6f~9. It has been noted by Weinberg in 1979 [11] that while theee ar
many operators at dimension 6, there is only one gauge amadimension-5 operator in the
Standard Model, and this operator leads to a Majorana neutnass after electroweak symmetry
breaking: - ,

y2lL @)@t ‘p/)\(‘p D m ~Y2L, (4.1)
wherelL is a lepton doublety is the Higgs doublety = 246 GeV is the VEV of the Higgs, and
is a matrix of Yukawa couplings. Flavour indices are impliti A > v one obtains a suppression
of neutrino masses relative to the electroweak scale whithis context is usually called “seesaw
mechanism”. At tree-level there are three possible UV cetigris of this operator by introduc-
ing different SU(2) representations of mediator particleamely singlet fermions (right-handed
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neutrinos), triplet scalars, or triplet fermions. Thesasgdoilities are referred to as type-l [12],
type-Il [13], and type-lll [14] seesaw, respectively. Ofucse the immediate question is, what is
the scale of the new physic¢s?

4.1 Neutrino masses from the GUT scale?

When we take Yukawa couplings of order 1 in eq. 4.1 one findsrtbatrino massesy, <
0.1 eV are induced b\ ~ 10'* GeV. Unfortunately this scale is impossible to probe dlyeit
experiments, however, it is somewhat close to the scale af@GUnification Agyt ~ 10'° GeV,
which might suggest a GUT origin of neutrino masses.

In particular, it is tempting that all Standard Model fermmsoof one generation plus a right-
handed neutrino fit into the spinorial 16 dimensional repnéstion of SO(10). Furthermore, typi-
cally in SO(10) theories scalar representations contgiaitriplet under SU(2) are needed. There-
fore, SO(10) theories are an attractive framework to imglentype-I and/or type-ll seesaw mech-
anism.

One predictive example is the so-called minimal renornahliz supersymmetric SO(10) GUT,
where all fermion masses are generated by the VEVs of 10- dfelitnensional Higgses, see
e.g. [15, 16, 17, 18]. This leads to a constrained system mfsiles between quark and lepton
mass matrices and gives specific predictions for neutringsraad mixing parameters. It turns out,
however, that in the minimal version of this model the faet the seesaw scale has to be somewhat
lower than the GUT scale, leads to the appearance of psealtistGne bosons which spoil the
unification of gauge coupling constants [18]. This suggés#s modifications of this minimal
setup are necessary. Certainly there exist many alteenaéitups based on SO(10), for example
allowing for non-renormalizable operators [19], or modifassignment of fermion representations
[20].

Another attractive feature of the high-scale seesaw mésimais Leptogenesis [21]. A net-
lepton number is created at a high temperature in the eaierse due to CP violating out-of-
equilibrium processes of some heavy leptons (for examglel¢tay of the right-handed neutrinos,
in the case of type-l seesaw). This lepton number is latasteared to baryons g — L conserving
sphaleron processes, and accounting in that way for thd erealss of matter over anti-matter. The
typical Leptogenesis scale is aboutdGeV, although it might also be possible to lower this scale
down to the TeV range in certain scenarios. See [22] for &vevi

4.2 Neutrino masses from the TeV scale?

For various reasons (unrelated to neutrino mass) we exgeetphysics to show up at the
TeV scale, to be probed in the near future at LHC. As an altedo the high-scale seesaw
mechanism mentioned above, one can also invoke a neutrise machanism at the TeV scale,
which opens the fascinating possibility to test neutrincsses at collider experiments. However,
for A ~ TeV the seesaw suppression is not sufficient and one needs additional ingredients
to make neutrino masses small, for example, make Yukawdiogsmmall, invoke cancellations
between large terms, or use loop-factor suppressions Bramg neutrino mass radiatively.

What are the prospects of testing the three seesaw types @P liidcase of type-lI seesaw
the mediators are singlets, and their only interaction \Bith particles is via Yukawa interactions.
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If the masses of the singlets are at the TeV scale, there ar@dasibilities to get small enough
neutrino masses(i) make the Yukawa couplings sma¥, < 108, which, however, leads to a
negligible production rate at colliders; afid) invoke cancellations between the contributions of
the different heavy singlets. In this case the leadingostieicture of the mass matrices leads to
vanishing light neutrino masses, and non-vanishing meamsegenerated by small perturbations,
which however, cannot be probed by LHC, see [23] for a reciesaudsion and references.

A way out of this problem is to give the seesaw messengersiaaii interactions, allowing
them to be produced efficiently at colliders. For instantéhe type-l seesaw is embedded into a
left-right symmetric model at the TeV scale, the right-hashaeutrinos can be produced via Yig
interaction [24]. In the cases of the type-Il and type-liésaws, the mediators are triplets under
the SM SU(2) gauge symmetry. Therefore, they can be prodeffietently via gauge interactions
if they are in the kinematical reach of LHC. In the type-Il sad0 the observation of same-sign
dilepton events would open the phantastic possibility tealy probe the flavour structure of the
neutrino mass matrix, including Majorana phases, see 25¢2p, 27, 28] for recent studies. TeV
scale Type-lll seesaw has been discussed recently for dgam@9, 30]. A review of seesaw tests
at LHC can be found in Ref. [31].

| mention very briefly two other examples for TeV scale newtnnasses(i) In R-parity vio-
lating supersymmetry neutrino masses are induced dueytdetiton-number violating couplings.
In these models the lightest supersymmetric particle istadtle. It decays via the couplings which
are also responsible for neutrino mass, which allows istarg correlations of collider signals and
the lepton mixing matrix, e.g. [32]ii) Neutrino masses can be generated radiatively, which pro-
vides additional suppression factors. For example in tleeE&bu model [33] a singly and a doubly
charged scalar are added to the SM, which allows neutrineesa® be induced at the two-loop
level. If the scalars are in the kinematical reach of LHC thiel is highly testable by correlating
LHC signatures, charged lepton-flavour violation, and rieatmixing parameters [34, 35, 36].

5. Lepton mixing and the problem of flavour

The results of neutrino oscillation experiments discussegc. 2 imply that the PMNS lepton
mixing matrix looks very different than the CKM quark miximgatrix:

1 o) 01) ¢ le.
Uppmns = % o) o1 o1 |, Uekv=| €1 |, (5.1)
0o11) 0(1) 0(1) e el

where: < € < 1. Indeed, the PMNS matrix is consistent with resulting fijost random numbers
in flavour space, so-called “anarchy” [37]. This hypothe&sia be excluded in cagks turns out to
be much smaller than its present bound.

On the other hand, the numbers we observe for the mixing amgleld also indicate a very
special flavour structure. The so-called tri-bimaximalaang38] for the mixing matrix assumes
Sin? B = 1/3, Sirf B3 = 1/2, and6;3 = 0, which is consistent with present data within about one
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sigma and results in

V2/3 V3 0
Uem=| -1/vV6 1/V/31/V2|. (5.2)

1/v/6 —1/v/3 1/v/2

This mixing matrix implies that the second mass steteis equally mixed with all flavours,
whereas the third mass statg is equally mixed withv,, and v; and has no/e component. A
mixing matrix with such special values could indicate anerhdng flavour symmetry. There
is a large literature on using discrete symmetries such rmsxample au-1 exchange symme-
try, or $,S3,A4,D4,D5,Dg,A(27) groups to explain (some of) the observed values of the lepton
mixing angles, see [39] for a review and references. In @adri, theA; permutation group is
found to be very useful to predict tri-bimaximal mixing. lasthree one-dimensional and one
three-dimensional irreducible representation which camdsigned in various ways to the lepton
representations; an overview of variolismodels can be found in [40].

In general it turns out that writing down a full model getseoftquite involved. A “strong”
breaking of the symmetry is required in the charged leptatoseand typically the flavour symme-
try has to be augmented by some mechanism of vacuum alignferhermore, it seems difficult
to extend the flavour symmetry to the quark sector, in pdeidn the context of unified theories.

6. Conclusions

Neutrinos have surprised us with a number of interestingpgnées. At present there is no
clear understanding about how neutrino masses are gethenatewhy the mixing pattern in the
lepton sector is so different from the one in the quark seétavealth of experiments will provide
important information on the issue in the upcoming yearsesthinclude neutrino oscillation ex-
periments and experiments searching for lepton numbeatidol as well as charged lepton flavour
violation. Results of these experiments will have to be pube context of the physics at the TeV
energy scale to be discovered at the LHC. In this sense neuytroperties may provide another
puzzle piece towards a more complete picture of the physigerd the Standard Model.
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