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1. Why are neutrinos so interesting?

The Standard Model of particle physics and theory of gemefativity form the basic pillars of
modern physics. While there are many emergent phenomeraurerthe understanding of which
poses a great challenge due to their complexity, only fosenlations have been confirmtetiat
cannot in principle be understood this framework BL]:

(1) neutrino flavour oscillations

(2) the baryon asymmetry of the universe (BALS. the tiny excess of matter over antimatter in
the early universe, which explains the presence of mattieicosmos at present time as the
“leftover” after mutual annihilation of all antimatter vaitmatter®

(3) thecomposition and origin of the Dark Matter (DMhat appears to make up most of the
mass of galaxies and galaxy clusters and

(4) thehot big banginitial conditions, in particular the overall homogenegtyd isotropy of the
early universe seen in the cosmic microwave backgrounahééatand horizon problents).

Neutrino oscillations (1) are the only one amongst thesehtize been observed in the laboratory.
It is sometimes argued that a mass term that would explainbeaadded "trivially" within the
SM. It should, however, be clear that the construction ohsaignass term in the framework of
renormalisable quantum field theory necessarily requiresritroduction of new physical states.

In the SM all fermion masses are Dirac masses, which are gieokevia the Higgs mechanism
from Yukawa couplings, e.ggzmeer for charged leptons. In order to write down such a term for
neutrinos, one necessarily has to add right handed nesitvisnito the SM LagrangianZsy. If a
Dirac mass/_mp VR is the only source of neutrino masses, then the mass ganersixactly the
same as for charged leptons and quarks. Then neutrinos exe [@irticles and the lepton sector
resembles the quark sector without strong interaction yatida different choice of the numerical
parameters). Thew_andvg form a Dirac spinot,, = v_ + Vg, and the new degrees of freedom
Vg would not appear as "new particles”, but rather lead to et spin states for the neutrinos.
However, as gauge singlets thrg can have a Majorana mass temgMyvg. Mw in general is
not diagonal in the flavour basis whemg, is diagonal. Diagonalising the full mass term leads
to Majorana neutrinos and new mass eigenstates. Tiesk neutrinosappear as new physical
particles that can be responsible for various phenomenkudimg (2) and (3), see [4] for a recent
review. If one wants to avoid this, one has to fordigy by postulating an additional symmetry
(e.g. lepton number conservation).

One could attempt to directly write down a Majorana mags), v{° term for the LH neutri-
nosvy, which in this case are Majorana particles. While gaugeriamae forbids such a term at

1Sometimes the acceleration of the cosmic expansion atmiréisee is included in this list as "dark energy".
However, all present observational data is consistent avitbsmological constant, which is simply a free parameter in
general relativity.

2|n addition to this empirical evidence, there are a numbeaasithetic issues that appear unsatisfactory from a
theory viewpoint, such as the hierarchy problem, strongp@m®iem, the flavour puzzle and the value of the cosmological
constant. Moreover, it is not clear what is the correct dpon of quantum gravity, Though extremely interestirigst
is not required to explain any experiment in foreseeable.tim

3See [2] for a recent review of the evidence for this intemtien.

4The idea ofcosmic inflatior{3] provides an elegant solution to this problem, but it i$ kiwown what mechanism
drove the accelerated expansion.
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the "fundamental” level, it can be generated via the Higgshaerism form the Weinberg oper-
ator 1L @f @"L¢ [5] with m, = Vv?fM~L, wheref is a flavour matrixy is the Higgs vev and
characterises mass scales far above the energy of neukpeoireents. Indeed all experimental
neutrino data can be explained by adding this operator t&MeHowever, the new term is not
renormalisable. In a fundamental theory it should be geéeérby "integrating out" some heavier
new states with massesM. This could be RH neutrinogz with a Majorana maskly, (in which
caseM ~ My), see section 3, but there are numerous other possihikiiese.g. [6] for a summary.
Exploring these is the goal of neutrino model building. Thygcal neutrino mass squaraé
are given by the eigenvalues mt,m$ and can conveniently be read off fag | after diagonalising
my, = Uvdiag(ml,rm,mg)UJ, where withU,, is the neutrino mixing matrix in the charged lepton
mass basis. The past few years have seen enormous progdetsrimining the parametersnm,.

All three mixing angles and two mass splittings’ — mJZ] have been measured, and experimental
data may soon allow to constrain the CP-violating Dirac pj@$and the mass ordering [8].

In contrast, next to nothing is known about the new statet dhaeratem,. Though the
measurement of the mass splittings and mixings angles isiarense experimental achievement,
and the finding of CP-violation im, would clearly be a milestone achievement in experimental
physics, the ultimate goal remains to identify the new statal unveil the mechanism of neutrino
mass generation. There are two possible explanations velnhiéve not been found to date. Either
they are much heavier than the W-boson (“energy frontien’they have very feeble interactions
(“intensity frontier”). Of course, a discovery is only pdde if the new mass scalkl is within
reach of experiments, i.e. at the TeV scale or below, and themthe search might be very chal-
lenging. However, a discovery would not only clarify thegimi of neutrino masses, but the physics
behind their generation may also be responsible for othengimena including (2) and (3). Hence,
neutrino masses may act as a "portal" to a (possibly more licatgd) unknown/hidden sector and
yield the answer to deep questions in cosmology, such agitjia of matter and dark matter.

2. Neutrino masses

Any model of neutrino masses should address the fact thattieeorders of magnitude smaller
than any other fermion masses in the SM ("mass puzzle").vig convenient to classify models
according to the way how this hierarchy is explained.

Small coupling constant: A tiny coupling constant can explain the smallnessnpfienerated via
spontaneous symmetry breaking, but it would have to be \myy tor instance, Dirac masses
generated via the standard Higgs mechanism would re§uirel0-12, which is considered “un-
natural” by most theorists.

Seesaw mechanism: If the my are generated at classical level, they may be suppressée imgwy
heavy scaleM. The most studied version is the type-l seesaw [9] discussedction 3, the two
other possibilities [10] are the type-Il [11] and type-I1IF] seesaw.

Flavour ("horizontal") symmetry: Individual entries of the matrixn, may be large, but still
yield smallm if there is a symmetry that leads to approximate lepton nurobaservation and
cancellations irmvmﬁ. Prominent examples of this class are Froggatt-Nielsea tgpdels [13],
the inverse seesaw [14] and other models with approximaterenumber conservation, e.g. [15].
Radiative masses. Neutrinos could be classically massless and their massesated by quantum
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corrections. The suppression by the "loop fact@i)? is not sufficient to explain the smallness of
them, but the interaction of the new particles in the loop withmay involve some small coupling
constants that do the job. Flavour symmetries or an additissesaw-like suppression can help to
make such models more "natural”, see e.g. [16, 17].

Of course, any combination of these ideas could be realisethiure. In addition to the
smallness of the mass eigenvalues, it would be desirabledcafi explanation for the observed
flavour structure ofn, (“flavour puzzle"). While the quark mass matrix shows a ddtstructure
(being approximately diagonal in the weak interaction $lashere is no obvious symmetryim, .
Numerous attempts have been made to impose more subtletdiscrcontinuous symmetries, see
e.g. [18]. The basic problem is that the reservoir of possiyimmetries is practically unlimited,
so for any possible observed, one could find some kind of symmetry that "predicts" it. Since
we already know a lot about the flavour structure, models ¢dy loe convincing if they either
predict other (yet unmeasured) observables or are "sinaplé'esthetically convincing from some
viewpoint. Prior to the measurement &f; there seemed to be at least some kind of structure, and
models predictingd3 = 0 seemed well-motivated, such as tri/bi-maximal mixing][1@/ith the
present data, it seems very difficult to single out any cléassamlels that could explaim, in terms
of a simple symmetry and/or a small number of parametersjraacest in anarchic models [20]
with random values has grown.

In the following | focus on those scenarios in which RH newdsi vk generatem, via the
seesaw mechanism. While the seesaw mechanism alone i€ tog@hoédict the flavour structure, it
at least explains the smallness of neutrino masses. Thersésofvg seems very well-motivated
because all other known fermions exist with both, LH and RHatity. Moreover, vg appear in
many popular theories (left-right symmetric models, SQ@@nd unified theories, generally all
theories with &J (1)g_ symmetry) and can be related to various other phenomenasmalogy
and particle physics, such as dark matter, baryogenesik, rddiation and neutrino oscillation
anomalies, see [4, 21] for an overview.

3. Probing the Seesaw M echanism

The (type-l) seesaw model is defined by addingeutral fermions/g with RH chirality to the
SM. These are referred to as RH neutrinos because they catedouthe SM neutrinogy in the
same way as the RH and LH part of the charged leptons are cbufihe Lagrangian reads

. L 1
L = gSM‘HV_RdVR—ILFVR(D—CDTV_RFTIL_E(VI%MMVR‘FV_RMIT/IVI%)» (3.1)

where flavour and isospin indices are suppress&gy is the SM Lagrangian, = (v_,e )T are
the LH lepton doublets an® is the Higgs doublet withtb = e®*, weree is the antisymmetric
SU(2) tensor.My, is a Majorana mass term foi with v§ = CVr',® andF is a matrix of Yukawa
couplings. We work in a flavour basis wity = diag(M1, M2, M3). ForM, > 1 eV there are two
distinct sets of mass eigenstates, which we represent luflaectors of Majorana spinofssand
N. The elements; of the vector

v=VJu —ulevi+cec. (3.2)

5The charge conjugation matrix@= iy} in the Weyl basis.
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are mostly superpositions of the “active” SU(2) doubletest@ and have light masses —F? x
v2/M| < M. Here c.c. stands for thieconjugation defined above. The elemeniof

N =Vivr+OTvE+ce. (3.3)

are mostly superpositions of the “sterile” singlet staigsvith masses of the order ®,. At ener-
gies below the electroweak scale, thbsavy neutral leptonsiteract with the SM via their mixing
with active neutrinos, which is characterised by the magtements®,, < 1; if kinematically
allowed, they participate in all processes in the same w&8Mseutrinos, but with cross sections
suppressed by?2, = |04 |2 < 1.V, is the usual neutrino mixing matrt, = (1 — 266")U, with
6= mDM,\‘,ll, wheremp = Fv. Uy, is its unitary partVy andUy are their equivalents in the sterile
sector and = Uy . The unitary matrices), andUy diagonalise the mass matrices

my, ~ —V2FMyFT = —8My 8" , My ~ My +:—2L(6T6MM +My6"6%), (3.4)

respectively. The eigenvalues M, andMy coincide in very good approximation, and the terms
of order&[6?] are only relevant if two of thé/, are quasi-degenerate. If (3.4) is the only source of
neutrino masses, then thanust at least equal the number of non-zegpi.e.n > 2 if the lightest
neutrino is massless amd> 3 if it is massive. Very little is known about the magnitudettod M, .

If the N;-interactions are to be described by perturbative quanteiu tieory, then thi/; should

be at least 1-2 orders of magnitude below the Planck mass.Cahi be estimated by inserting the
observed neutrino mass differences into (3.4). On the lendrthey can have eV (or even sub-eV)
masses [86]. Fon > 3 any value in between is experimentally allowed [23]. In fbkéowing |
summarise the most popular seesaw scale choices and teeinminological implications.

3.1 The GUT-seesaw

In the probably most discussed version of the seesaw mecrhahieM, are far above the
electroweak scale. This choice is primarily theoreticatiptivated by aesthetic arguments: For
"natural” entries (i.e. of order unity) of tte, neutrino masses near the upper limitgm; < 0.23
imposed by Planck [25] imply values d; ~ 10 — 10'° GeV, slightly below the suspected scale
of grand unification. Hence, this scenario can easily be €ddx in grand unifying theories.
HeavyM, are also well-motivated from cosmology. Leptogenesis [2@Jne of the most popular
explanations for the observed BAU (2). In the most studiediva of leptogenesis, the BAU is
generated in the CP-violating decayNyf, see e.g. [27] for a review. For a non-degenerate mass
spectrum and without any degrees of freedom in addition tb),(3his mechanism only works
for M1 > 4 x 108 GeV [29]. Flavour effects [28] can reduce this lower boundlby2 orders of
magnitude [30], which is still far out of experimental re&ckf the M, are indeed that large, then
the new stated|, cannot be found in any near future experiment (and possiohem. The only
traces they leave in experiments can be parametrised irstefimigher dimensional operators in
an effective Lagrangian obtained after integrating them[82], including the Weinberg operator
with f = FM,\]lFT. On the positive side, probing these operators allows tstcaim some of the
parameters ik and My, by looking for rare processes, such as neutrinoless dgBHulecay or

5The consistent description of all quantum and flavour effeemains an active field of research [31].
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U — ey, hence indirectly testing physics at a very high scale. FdegeneratéV,-spectrum or

n = 1 these bounds can indeed be quite strong, see e.g. [33},=foB they are much weaker
[43]. On the negative side, the seesaw mechanism is not thievaly to generate these operators,
and without directly finding the new states, it is impossitdelefinitely distinguish it from other
scenarios. While leptogenesis may be falsified indire@Hj,[the GUT seesaw itself can always
escape falsification if the CP-violation is small and the Bgdéherated from another source. This
lack of falsifiability is somewhat unsatisfying, though Nia might not care about this. Moreover,
with couplingsF of order unity, theN, contribute to the hierarchy problem, and thermal leptogene
sis requires a large reheating temperature, which is abiemgth upper limits on the temperature
in supersymmetric theories [35] ("gravitino problem®).

3.2 The TeV-seesaw

The highest scale that can be probed directly by collideegrpents is the TeV scale. Searches
for heavy neutral leptons likdl, have been undertaken at the ATLAS and CMS experiments at
the Large Hadron Collider (LHC) [36], so far without posdivesult. These searches have been
performed for both, the minimal seesaw (3.1) as well as ftgilght symmetric extension, see e.g.
[37]. The experimental challenge lies mainly in the fact the Yukawa interactionE that govern
the branching ratios are constrained by the seesaw rel@idh a relatively low seesaw sceif
at or below the TeV scale generally requires very small \@bfetheFy ~ Fp = (MM, /v?)Y/2,
hence unobservable tiny branching ratios. In the minimesa® (3.1) a discovery at the LHC is
only realistic if the individuaF,, are much bigger thaRy, and the smallness of thmg is achieved
due to a cancellation in the matrix valued equation (3.4}-f&8. This is realised in models with
approximate lepton number conservation, and chances asrally better in extensions of (3.1)
in which theN, have additional interactions, see [14, 15]. If thk are slightly lower, below
the masses of the W and Z-boson, tiidgncan be produced in the decay of these gauge bosons.
This allows to impose much stronger constraints [42], s& fdr a summary. Possible future
direct searches have e.g. been studied in [44]. In additiatirect searches, neutrino oscillation
experiments and the bounds on lepton flavour and lepton nuwiddation [45] mentioned in the
previous paragraph as well as electroweak precision défar#ose indirect constraints on the
N -properties, see e.g. [41, 43].

Heavy neutrinos\; with M, at the electroweak or TeV scale are also interesting coggirolo
cally because they can generate the BAU via leptogenebisraltiring their decay [47] or thermal
production ("baryogenesis from neutrino oscillationgl8]. Forn = 2 flavours of sterile neutrinos
the observed BAU can only be explained in the minimal moddl)(B it is enhanced by a mass
degeneracy [47], fon = 3 or more flavours no degeneracy is required [49]. This ih&rrtelaxed
in model s with additional degrees of freedom [50, 51]. THoleading order estimates exist, the
guantitative description of these low scale leptogenessiarios is highly non-trivial due to the
complicated interplay of quantum, thermodynamic and flawdtects and remains an active field
of research [52].

3.3 The GeV-seesaw

For M, below the mass of the B-mesons the existing constraintsremnperspectives for future
searches improve significantly (and even more below the Bemenass), see [41, 43] for a com-
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prehensive overview. On one hand tiecan be produced efficiently in meson decays, allowing to
impose upper bounds on the individug,, see [4, 24, 41, 43, 53, 54] and references therein. On
the other hand neutrino oscillation data and the seesatiome(8.4) impose stronger bounds on the
sumU? = 5 ,UZ2,. Finally, the requirement to decay before BBN [23] imposetiat lower bound

on U|2 as a function oM, [43, 55]. There are constraints from lepton flavour violat[d3, 56]
neutrinoless doublg-decay [43, 45, 57] and lepton universality in meson decdgs$8]. ForN,
heavier than D-mesons, they can be more constraining thect diearch bounds [43].

For M, in the GeV range, the BAU can be explained via leptogenesgisgithe thermal pro-
duction of theN, [48, 59, 60, 62]. Similarly to the TeV scale, this requires ass1degeneracy
norn= 2 [61, 62], but no such degeneracy is neededhfer3 [63]. The leptogenesis parameter
space will be further explored in the near future. Myrbelow the D-meson mass this is e.g. done
by the NA62 experiment, for heavier masses LHCb and BELLEilllimprove the bounds [54].
The ideal tool to search fd¥, in the GeV range would be the proposed SHiP experiment [64]. |
a small fraction of the parameter space the CP-violatiopamsible for the BAU comes from the
"Dirac phase" irJ, that may be measured in neutrino oscillation experimer#k [t in general it
lies in the sterile sector and can only be measurdy itlecays if their mass spectrum is degenerate
[65].

3.4 ThekeV-seesaw

Sterile neutrinos\, are massive, feebly interacting and can be very long liveldis Thakes
them obvious DM candidates [66, 75, 76]. Their propertiescanstrained by astrophysical, cos-
mological and laboratory data. Most importantly, the radeadecayN — vy would lead to an
observable photon emission line at enekdy'2 from DM dense regions [77]. Until 2014, the non-
observation of an emission line could only be use to imposgpaer bound okJ? as a function of
M,. These “established constraints” are e.g. discussed Bv]4nd references therein; they imply
that theN, that compose the DM must be so feebly coupled that they caomttibute significantly
to the neutrino masses (3.4) or leptogenesis. In 2014, taugpgrreported an unexplained emission
signal at~ 3.5 keV [68] that can be interpreted as evidence for sterildrmeuDM, though this
interpretation is disputed [69]. Observations with ther@di satellite [70] may help to clarify the
situation. Since thermal production via mixing is unavbieg[66], an upper bound dg? can also
be obtained from the requirement not to produce too much Divd. DM massV, is bound from
below by phase space considerations (essentially Paxditagon principle in DM dense regions)
[71]. In the laboratoryiJ? can be constrained by KATRIN and similar experiments [72].other
constraints depend on the mechanism by whichH\jhare produced in the early universe. Thermal
production via mixing is most efficient at temperatufies- 100 MeV [73] and always leads to a
N; population with a thermal momentum distribution, but a ltataundance far below the equi-
librium value. X-ray bounds forc#, to be in the keV range, which can be realised in different
models [74]. This "warm DM" component cannot compose alli\, as their mean free path
during structure formation in the early universe would béeimsion with the observed small scale
structure in the universe, see e.g. [4, 67] and referenagith However, in the presence of a
significant lepton asymmetry, there is also a resonantlgysred "cold" component [75] produced
due to the MSW effect, which allows to explain all DM in ternfssterile neutrinos in agreement
with structure formation bounds [78]. Interestingly, these phenomena (1)-(3) can be explained
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simultaneously within the minimal model (3.1) if one of tNehas a keV mass and acts as DM
while the other two have degenerate masses in the GeV radigeramesponsible for leptogenesis
and neutrino masses [24]. This scenario, first proposedil {#as shown to be feasible in [62]. A
cold component can also be produced nonthermally, e.g.adaedupling to an inflaton [79], the
SM Higgs [81], other scalars [82] or modified gravity [83]. &fhthe mass can be larger than keV
because the production for not rely on the mixigwhich can in turn be made arbitrarily small
to ensure a long lifetime even for a large mass. Finally, recsum can effectively be "cooled
down" if entropy is injected into the rest of the primordidhgma due the decay of some heavy
particle, which allows to reconcile an initially warm or HOM spectrum with structure formation
constraints [84]. Finally, it has been proposed that keVasisrile neutrinos are responsible for
pulsar kicks [85].

3.5 The (sub)eV-seesaw

In principle neutrino oscillation data can be explainedthi@ seesaw mechanism with as
low as an eV [86]. For even lower masses the seesaw hieraifdhiz> m andf < 1 do not hold,
and forM; < my one effectively has Dirac neutrinos. This case requifesc 10~° eV, otherwise
solar neutrino oscillations intog should have been observed [87]. Sterile neutrinos Withn
the eV range could also explain the LSND [88], Gallium [89faractor anomalies [90] and/or
act as extra relativistic degrees of freedom in the earlyarse ("dark radiation"). Note, however,
that light sterile neutrinos that explain these anomal@&mot simultaneously explain the masses
of active neutrinos; they would have to be added on top of tualuseesaw (3.4) While all these
anomalies as well as some cosmological data sets seem tar féne existence of light sterile
neutrinos, there is no convincing model that can fit all data simultaneously without significant
tension. On the other hand, the statistical significanceisufficient to rule out their existence,
even if the recent Planck data (which disfavours light Eereutrinos [25]) is taken into account.
More detailed discussions can e.g. be found in [4, 21], s&e92] for recent updates. Ultimately
this question can only be clarified by new experiments.

4. Conclusion

To date, neutrino oscillations are the only establishedenge for the existence of new phys-
ical states that has been found in the laboratory. The re@ars have seen immense progress
in the determination of the neutrino mixing angles and matitings. There are several impor-
tant remaining questions about the properties of neuttinas(with some luck) can be answered
in foreseeable time, including the absolute mass scalendhare of their mass term (Dirac vs
Majorana) and the presence of CP-violation in the leptomosedhe ultimate goal, however, re-
mains to unveil the mechanism of neutrino mass generatidricaientify the new physical states
that are involved in it, which could provide the key to undiansl other unsolved puzzles in both,
cosmology and particle physics. Unfortunately there is nargntee that this can be achieved in
foreseeable time. In spite of this, it is important to expltie neutrino sector in as much detail
as possible. Given the present lack of any new physics sigrmah high energy experiments, it
remains the only probe of new physics that can be studieceitatioratory.
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