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1. Why are neutrinos so interesting?

The Standard Model of particle physics and theory of generalrelativity form the basic pillars of
modern physics. While there are many emergent phenomena in nature the understanding of which
poses a great challenge due to their complexity, only four observations have been confirmed1 that
cannot in principle be understood this framework [1]:2

(1) neutrino flavour oscillations,
(2) the baryon asymmetry of the universe (BAU), i.e. the tiny excess of matter over antimatter in

the early universe, which explains the presence of matter inthe cosmos at present time as the
“leftover” after mutual annihilation of all antimatter with matter,3

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

(4) thehot big banginitial conditions, in particular the overall homogeneityand isotropy of the
early universe seen in the cosmic microwave background (flatness and horizon problems).4

Neutrino oscillations (1) are the only one amongst these that have been observed in the laboratory.
It is sometimes argued that a mass term that would explain canbe added "trivially" within the
SM. It should, however, be clear that the construction of such a mass term in the framework of
renormalisable quantum field theory necessarily requires the introduction of new physical states.

In the SM all fermion masses are Dirac masses, which are generated via the Higgs mechanism
from Yukawa couplings, e.g.eLmeeR for charged leptons. In order to write down such a term for
neutrinos, one necessarily has to add right handed neutrinos νR to the SM LagrangianLSM. If a
Dirac massνLmDνR is the only source of neutrino masses, then the mass generation is exactly the
same as for charged leptons and quarks. Then neutrinos are Dirac particles and the lepton sector
resembles the quark sector without strong interaction (andwith a different choice of the numerical
parameters). ThenνL andνR form a Dirac spinorΨν = νL + νR, and the new degrees of freedom
νR would not appear as "new particles", but rather lead to additional spin states for the neutrinos.
However, as gauge singlets theνR can have a Majorana mass termνRMMνc

R. MM in general is
not diagonal in the flavour basis wheremD is diagonal. Diagonalising the full mass term leads
to Majorana neutrinos and new mass eigenstates. Thesesterile neutrinosappear as new physical
particles that can be responsible for various phenomena, including (2) and (3), see [4] for a recent
review. If one wants to avoid this, one has to forbidMM by postulating an additional symmetry
(e.g. lepton number conservation).

One could attempt to directly write down a Majorana massνLmννc
L term for the LH neutri-

nosνL, which in this case are Majorana particles. While gauge invariance forbids such a term at

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

2In addition to this empirical evidence, there are a number ofaesthetic issues that appear unsatisfactory from a
theory viewpoint, such as the hierarchy problem, strong CP-problem, the flavour puzzle and the value of the cosmological
constant. Moreover, it is not clear what is the correct description of quantum gravity, Though extremely interesting, this
is not required to explain any experiment in foreseeable time.

3See [2] for a recent review of the evidence for this interpretation.
4The idea ofcosmic inflation[3] provides an elegant solution to this problem, but it is not known what mechanism

drove the accelerated expansion.
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the "fundamental" level, it can be generated via the Higgs mechanism form the Weinberg oper-
ator 1

2L̄Lφ̃ f φ̃TLc
L [5] with mν = v2 f M−1, where f is a flavour matrix,v is the Higgs vev andM

characterises mass scales far above the energy of neutrino experiments. Indeed all experimental
neutrino data can be explained by adding this operator to theSM. However, the new term is not
renormalisable. In a fundamental theory it should be generated by "integrating out" some heavier
new states with masses∼ M. This could be RH neutrinosνR with a Majorana massMM (in which
caseM ∼MM), see section 3, but there are numerous other possibilities, see e.g. [6] for a summary.
Exploring these is the goal of neutrino model building. The physical neutrino mass squaresm2

i

are given by the eigenvalues ofmνm†
ν and can conveniently be read off as|mi| after diagonalising

mν = Uνdiag(m1,m2,m3)UT
ν , where withUν is the neutrino mixing matrix in the charged lepton

mass basis. The past few years have seen enormous progress indetermining the parameters inmν .
All three mixing angles and two mass splittings|m2

i −m2
j | have been measured, and experimental

data may soon allow to constrain the CP-violating Dirac phase [7] and the mass ordering [8].
In contrast, next to nothing is known about the new states that generatemν . Though the

measurement of the mass splittings and mixings angles is an immense experimental achievement,
and the finding of CP-violation inmν would clearly be a milestone achievement in experimental
physics, the ultimate goal remains to identify the new states and unveil the mechanism of neutrino
mass generation. There are two possible explanations why they have not been found to date. Either
they are much heavier than the W-boson (“energy frontier”),or they have very feeble interactions
(“intensity frontier”). Of course, a discovery is only possible if the new mass scaleM is within
reach of experiments, i.e. at the TeV scale or below, and eventhen the search might be very chal-
lenging. However, a discovery would not only clarify the origin of neutrino masses, but the physics
behind their generation may also be responsible for other phenomena including (2) and (3). Hence,
neutrino masses may act as a "portal" to a (possibly more complicated) unknown/hidden sector and
yield the answer to deep questions in cosmology, such as the origin of matter and dark matter.

2. Neutrino masses

Any model of neutrino masses should address the fact that they are orders of magnitude smaller
than any other fermion masses in the SM ("mass puzzle"). It isvery convenient to classify models
according to the way how this hierarchy is explained.
Small coupling constant: A tiny coupling constant can explain the smallness ofmi generated via
spontaneous symmetry breaking, but it would have to be very tiny. For instance, Dirac masses
generated via the standard Higgs mechanism would requireF ∼ 10−12, which is considered “un-
natural” by most theorists.
Seesaw mechanism: If the mi are generated at classical level, they may be suppressed by the new
heavy scaleM. The most studied version is the type-I seesaw [9] discussedin section 3, the two
other possibilities [10] are the type-II [11] and type-III [12] seesaw.
Flavour ("horizontal") symmetry: Individual entries of the matrixmν may be large, but still
yield smallmi if there is a symmetry that leads to approximate lepton number conservation and
cancellations inmνm†

ν . Prominent examples of this class are Froggatt-Nielsen type models [13],
the inverse seesaw [14] and other models with approximate lepton number conservation, e.g. [15].
Radiative masses: Neutrinos could be classically massless and their masses generated by quantum
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corrections. The suppression by the "loop factor"(4π)2 is not sufficient to explain the smallness of
themi, but the interaction of the new particles in the loop withνL may involve some small coupling
constants that do the job. Flavour symmetries or an additional seesaw-like suppression can help to
make such models more "natural", see e.g. [16, 17].

Of course, any combination of these ideas could be realised in nature. In addition to the
smallness of the mass eigenvalues, it would be desirable to find an explanation for the observed
flavour structure ofmν ("flavour puzzle"). While the quark mass matrix shows a distinct structure
(being approximately diagonal in the weak interaction basis), there is no obvious symmetry inmν .
Numerous attempts have been made to impose more subtle discrete or continuous symmetries, see
e.g. [18]. The basic problem is that the reservoir of possible symmetries is practically unlimited,
so for any possible observedmν one could find some kind of symmetry that "predicts" it. Since
we already know a lot about the flavour structure, models can only be convincing if they either
predict other (yet unmeasured) observables or are "simple"and esthetically convincing from some
viewpoint. Prior to the measurement ofθ13 there seemed to be at least some kind of structure, and
models predictingθ13 = 0 seemed well-motivated, such as tri/bi-maximal mixing [19]. With the
present data, it seems very difficult to single out any class of models that could explainmν in terms
of a simple symmetry and/or a small number of parameters, andinterest in anarchic models [20]
with random values has grown.

In the following I focus on those scenarios in which RH neutrinos νR generatemν via the
seesaw mechanism. While the seesaw mechanism alone is unable to predict the flavour structure, it
at least explains the smallness of neutrino masses. The existence ofνR seems very well-motivated
because all other known fermions exist with both, LH and RH chirality. Moreover,νR appear in
many popular theories (left-right symmetric models, SO(10) grand unified theories, generally all
theories with aU(1)B−L symmetry) and can be related to various other phenomena in cosmology
and particle physics, such as dark matter, baryogenesis, dark radiation and neutrino oscillation
anomalies, see [4, 21] for an overview.

3. Probing the Seesaw Mechanism

The (type-I) seesaw model is defined by addingn neutral fermionsνR with RH chirality to the
SM. These are referred to as RH neutrinos because they can couple to the SM neutrinosνL in the
same way as the RH and LH part of the charged leptons are coupled. The Lagrangian reads

L = LSM+ iνR6∂νR− lLFνRΦ̃− Φ̃†νRF†lL −
1
2
(νc

RMMνR+νRM†
Mνc

R), (3.1)

where flavour and isospin indices are suppressed.LSM is the SM Lagrangian,lL = (νL,eL)
T are

the LH lepton doublets andΦ is the Higgs doublet with̃Φ = εΦ∗, wereε is the antisymmetric
SU(2) tensor.MM is a Majorana mass term forνR with νc

R =CνR
T ,5 andF is a matrix of Yukawa

couplings. We work in a flavour basis withMM = diag(M1,M2,M3). ForMI > 1 eV there are two
distinct sets of mass eigenstates, which we represent by flavour vectors of Majorana spinorsν and
N. The elementsνi of the vector

ν=V†
ν νL −U†

ν θνc
R+c.c. (3.2)

5The charge conjugation matrix isC= iγ2γ0 in the Weyl basis.
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are mostly superpositions of the “active” SU(2) doublet statesνL and have light masses∼ −F2×

v2/MI ≪ MI . Here c.c. stands for thec-conjugation defined above. The elementsNI of

N =V†
NνR+ΘTνc

L +c.c. (3.3)

are mostly superpositions of the “sterile” singlet statesνR with masses of the order ofMI . At ener-
gies below the electroweak scale, theseheavy neutral leptonsinteract with the SM via their mixing
with active neutrinos, which is characterised by the matrixelementsΘα I ≪ 1; if kinematically
allowed, they participate in all processes in the same way asSM neutrinos, but with cross sections
suppressed byU2

α I ≡ |Θα I |
2 ≪ 1. Vν is the usual neutrino mixing matrixVν ≡ (1− 1

2θθ†)Uν with
θ ≡ mDM−1

M , wheremD ≡ Fv. Uν is its unitary part,VN andUN are their equivalents in the sterile
sector andθ ≡ ΘUT

N . The unitary matricesUν andUN diagonalise the mass matrices

mν ≃−v2FM−1
M FT =−θMMθT , MN ≃ MM +

1
2

(

θ†θMM +MT
MθTθ∗

)

, (3.4)

respectively. The eigenvalues ofMM andMN coincide in very good approximation, and the terms
of orderO[θ2] are only relevant if two of theMI are quasi-degenerate. If (3.4) is the only source of
neutrino masses, then then must at least equal the number of non-zeromi, i.e.n≥ 2 if the lightest
neutrino is massless andn≥ 3 if it is massive. Very little is known about the magnitude oftheMI .
If the NI -interactions are to be described by perturbative quantum field theory, then theMI should
be at least 1-2 orders of magnitude below the Planck mass. This can be estimated by inserting the
observed neutrino mass differences into (3.4). On the lowerend they can have eV (or even sub-eV)
masses [86]. Forn ≥ 3 any value in between is experimentally allowed [23]. In thefollowing I
summarise the most popular seesaw scale choices and their phenomenological implications.

3.1 The GUT-seesaw

In the probably most discussed version of the seesaw mechanism theMI are far above the
electroweak scale. This choice is primarily theoreticallymotivated by aesthetic arguments: For
"natural" entries (i.e. of order unity) of theF , neutrino masses near the upper limit on∑i mi < 0.23
imposed by Planck [25] imply values ofMI ∼ 1014−1015 GeV, slightly below the suspected scale
of grand unification. Hence, this scenario can easily be embedded in grand unifying theories.
HeavyMI are also well-motivated from cosmology. Leptogenesis [26]is one of the most popular
explanations for the observed BAU (2). In the most studied version of leptogenesis, the BAU is
generated in the CP-violating decay ofNI , see e.g. [27] for a review. For a non-degenerate mass
spectrum and without any degrees of freedom in addition to (3.1), this mechanism only works
for M1 & 4×108 GeV [29]. Flavour effects [28] can reduce this lower bound by1−2 orders of
magnitude [30], which is still far out of experimental reach.6 If the MI are indeed that large, then
the new statesNI cannot be found in any near future experiment (and possibly never). The only
traces they leave in experiments can be parametrised in terms of higher dimensional operators in
an effective Lagrangian obtained after integrating them out [32], including the Weinberg operator
with f = FM−1

M FT . On the positive side, probing these operators allows to constrain some of the
parameters inF andMM by looking for rare processes, such as neutrinoless doubleβ -decay or

6The consistent description of all quantum and flavour effects remains an active field of research [31].
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µ → eγ , hence indirectly testing physics at a very high scale. For adegenerateMI -spectrum or
n = 1 these bounds can indeed be quite strong, see e.g. [33], forn = 3 they are much weaker
[43]. On the negative side, the seesaw mechanism is not the only way to generate these operators,
and without directly finding the new states, it is impossibleto definitely distinguish it from other
scenarios. While leptogenesis may be falsified indirectly [34], the GUT seesaw itself can always
escape falsification if the CP-violation is small and the BAUgenerated from another source. This
lack of falsifiability is somewhat unsatisfying, though Nature might not care about this. Moreover,
with couplingsF of order unity, theNI contribute to the hierarchy problem, and thermal leptogene-
sis requires a large reheating temperature, which is at tension with 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 collider experiments is the TeV scale. Searches
for heavy neutral leptons likeNI have been undertaken at the ATLAS and CMS experiments at
the Large Hadron Collider (LHC) [36], so far without positive result. These searches have been
performed for both, the minimal seesaw (3.1) as well as its left-right symmetric extension, see e.g.
[37]. The experimental challenge lies mainly in the fact that the Yukawa interactionsF that govern
the branching ratios are constrained by the seesaw relation(3.4); a relatively low seesaw scaleMI

at or below the TeV scale generally requires very small values of theFα I ∼ F0 ≡ (miMI/v2)1/2,
hence unobservable tiny branching ratios. In the minimal seesaw (3.1) a discovery at the LHC is
only realistic if the individualFα I are much bigger thanF0, and the smallness of themi is achieved
due to a cancellation in the matrix valued equation (3.4) [38–40]. This is realised in models with
approximate lepton number conservation, and chances are generally better in extensions of (3.1)
in which theNI have additional interactions, see [14, 15]. If theMI are slightly lower, below
the masses of the W and Z-boson, thenNI can be produced in the decay of these gauge bosons.
This allows to impose much stronger constraints [42], see [43] for a summary. Possible future
direct searches have e.g. been studied in [44]. In addition to direct searches, neutrino oscillation
experiments and the bounds on lepton flavour and lepton number violation [45] mentioned in the
previous paragraph as well as electroweak precision data [46] impose indirect constraints on the
NI -properties, see e.g. [41, 43].

Heavy neutrinosNI with MI at the electroweak or TeV scale are also interesting cosmologi-
cally because they can generate the BAU via leptogenesis either during their decay [47] or thermal
production ("baryogenesis from neutrino oscillations") [48]. Forn= 2 flavours of sterile neutrinos
the observed BAU can only be explained in the minimal model (3.1) if it is enhanced by a mass
degeneracy [47], forn= 3 or more flavours no degeneracy is required [49]. This is further relaxed
in model s with additional degrees of freedom [50, 51]. Though leading order estimates exist, the
quantitative description of these low scale leptogenesis scenarios is highly non-trivial due to the
complicated interplay of quantum, thermodynamic and flavour effects and remains an active field
of research [52].

3.3 The GeV-seesaw

ForMI below the mass of the B-mesons the existing constraints and the perspectives for future
searches improve significantly (and even more below the D-meson mass), see [41, 43] for a com-

6



P
o
S
(
N
U
F
A
C
T
2
0
1
4
)
0
0
1

Theoretical Status of Neutrino Physics Marco Drewes

prehensive overview. On one hand theNI can be produced efficiently in meson decays, allowing to
impose upper bounds on the individualU2

α I , see [4, 24, 41, 43, 53, 54] and references therein. On
the other hand neutrino oscillation data and the seesaw relation (3.4) impose stronger bounds on the
sumU2

I ≡ ∑α U2
α I . Finally, the requirement to decay before BBN [23] imposes astrict lower bound

on U2
I as a function ofMI [43, 55]. There are constraints from lepton flavour violation [43, 56]

neutrinoless doubleβ -decay [43, 45, 57] and lepton universality in meson decays [43, 58]. ForNI

heavier than D-mesons, they can be more constraining than direct search bounds [43].
For MI in the GeV range, the BAU can be explained via leptogenesis during the thermal pro-

duction of theNI [48, 59, 60, 62]. Similarly to the TeV scale, this requires a mass degeneracy
nor n= 2 [61, 62], but no such degeneracy is needed forn= 3 [63]. The leptogenesis parameter
space will be further explored in the near future. ForMI below the D-meson mass this is e.g. done
by the NA62 experiment, for heavier masses LHCb and BELLE II will improve the bounds [54].
The ideal tool to search forNI in the GeV range would be the proposed SHiP experiment [64]. In
a small fraction of the parameter space the CP-violation responsible for the BAU comes from the
"Dirac phase" inUν that may be measured in neutrino oscillation experiments [62], but in general it
lies in the sterile sector and can only be measured inNI decays if their mass spectrum is degenerate
[65].

3.4 The keV-seesaw

Sterile neutrinosNI are massive, feebly interacting and can be very long lived. This makes
them obvious DM candidates [66, 75, 76]. Their properties are constrained by astrophysical, cos-
mological and laboratory data. Most importantly, the radiative decayN → νγ would lead to an
observable photon emission line at energyMI/2 from DM dense regions [77]. Until 2014, the non-
observation of an emission line could only be use to impose anupper bound onU2

I as a function of
MI . These “established constraints” are e.g. discussed in [4,67] and references therein; they imply
that theNI that compose the DM must be so feebly coupled that they cannotcontribute significantly
to the neutrino masses (3.4) or leptogenesis. In 2014, two groups reported an unexplained emission
signal at∼ 3.5 keV [68] that can be interpreted as evidence for sterile neutrino DM, though this
interpretation is disputed [69]. Observations with the Astro-H satellite [70] may help to clarify the
situation. Since thermal production via mixing is unavoidable [66], an upper bound onU2

I can also
be obtained from the requirement not to produce too much DM. The DM massMI is bound from
below by phase space considerations (essentially Pauli’s exclusion principle in DM dense regions)
[71]. In the laboratory,U2

I can be constrained by KATRIN and similar experiments [72]. All other
constraints depend on the mechanism by which theNI are produced in the early universe. Thermal
production via mixing is most efficient at temperaturesT ∼ 100 MeV [73] and always leads to a
NI population with a thermal momentum distribution, but a total abundance far below the equi-
librium value. X-ray bounds forceMI to be in the keV range, which can be realised in different
models [74]. This "warm DM" component cannot compose all theDM, as their mean free path
during structure formation in the early universe would be intension with the observed small scale
structure in the universe, see e.g. [4, 67] and references therein. However, in the presence of a
significant lepton asymmetry, there is also a resonantly produced "cold" component [75] produced
due to the MSW effect, which allows to explain all DM in terms of sterile neutrinos in agreement
with structure formation bounds [78]. Interestingly, the three phenomena (1)-(3) can be explained
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simultaneously within the minimal model (3.1) if one of theNI has a keV mass and acts as DM
while the other two have degenerate masses in the GeV range and are responsible for leptogenesis
and neutrino masses [24]. This scenario, first proposed in [59], was shown to be feasible in [62]. A
cold component can also be produced nonthermally, e.g. due to a coupling to an inflaton [79], the
SM Higgs [81], other scalars [82] or modified gravity [83]. Then the mass can be larger than keV
because the production for not rely on the mixingθ , which can in turn be made arbitrarily small
to ensure a long lifetime even for a large mass. Finally, the spectrum can effectively be "cooled
down" if entropy is injected into the rest of the primordial plasma due the decay of some heavy
particle, which allows to reconcile an initially warm or hotDM spectrum with structure formation
constraints [84]. Finally, it has been proposed that keV mass sterile neutrinos are responsible for
pulsar kicks [85].

3.5 The (sub)eV-seesaw

In principle neutrino oscillation data can be explained viathe seesaw mechanism withMI as
low as an eV [86]. For even lower masses the seesaw hierarchies MI ≫ mi andθ ≪ 1 do not hold,
and forMI ≪ mi one effectively has Dirac neutrinos. This case requiresMI < 10−9 eV, otherwise
solar neutrino oscillations intoνR should have been observed [87]. Sterile neutrinos withMI in
the eV range could also explain the LSND [88], Gallium [89] and reactor anomalies [90] and/or
act as extra relativistic degrees of freedom in the early universe ("dark radiation"). Note, however,
that light sterile neutrinos that explain these anomalies cannot simultaneously explain the masses
of active neutrinos; they would have to be added on top of the usual seesaw (3.4) While all these
anomalies as well as some cosmological data sets seem to favour the existence of light sterile
neutrinos, there is no convincing model that can fit all data sets simultaneously without significant
tension. On the other hand, the statistical significance is not sufficient to rule out their existence,
even if the recent Planck data (which disfavours light sterile neutrinos [25]) is taken into account.
More detailed discussions can e.g. be found in [4, 21], see [91, 92] for recent updates. Ultimately
this question can only be clarified by new experiments.

4. Conclusion

To date, neutrino oscillations are the only established evidence for the existence of new phys-
ical states that has been found in the laboratory. The recentyears have seen immense progress
in the determination of the neutrino mixing angles and mass splittings. There are several impor-
tant remaining questions about the properties of neutrinosthat (with some luck) can be answered
in foreseeable time, including the absolute mass scale, thenature of their mass term (Dirac vs
Majorana) and the presence of CP-violation in the lepton sector. The ultimate goal, however, re-
mains to unveil the mechanism of neutrino mass generation and to identify the new physical states
that are involved in it, which could provide the key to understand other unsolved puzzles in both,
cosmology and particle physics. Unfortunately there is no guarantee that this can be achieved in
foreseeable time. In spite of this, it is important to explore the neutrino sector in as much detail
as possible. Given the present lack of any new physics signals from high energy experiments, it
remains the only probe of new physics that can be studied in the laboratory.
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