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Neutrinos are the only particles in the Standard Model ofigarphysics that have only been
observed with left handed chirality to date. If right handeditrinos exist, they would not only
explain the observed neutrino oscillations, but could @lsaesponsible for several phenomena
in cosmology, including the baryon asymmetry of the uniggdark matter and dark radiation. A
crucial parameter in this context is their Majorana mass¢kwn principle could lie anywhere
between the eV scale and GUT scale. The implications forraxeats and cosmology strongly
depend on the choice of the mass scale. We review recentgaogr the phenomenology of
right handed neutrinos with different masses, focusingeemarios in which the mass is at least a
keV. We emphasise the possibility to discover heavy neatrthat are responsible for the baryon
asymmetry of the universe via low scale leptogenesis in fugare experiments, such as LHC,
BELLE II, SHiP, FCC-ee or CEPC.
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This is a very brief summary of the phenomenological impiazs of adding heavy right handed
neutrinos to the Standard Model, based on my talk at HEP-ERS.2More details and a more
complete list of references can e.g. be foundﬁrﬂl, 2]. 1 wdike to apologise to all authors
whose important contributions | had to omit here due to lemgstrictions.

Neutrino masses and the Seesaw Mechanism - The discovery of neutrino oscillations, which
has been awarded the Physics Nobel Prize in 2015, remainslheonfirmed proof of physics be-
yond the Standard Model (SM) that has been found in the ladiyteExplaining the oscillations by
neutrino masses definitely requires the existence of newigdlystates. If neutrinos are Dirac par-
ticles, right handed (RH) neutrinag are required to construct a Dirac mass tefm, vg. If they
are Majorana particles with a mass tevpm, v¢, the only gauge invariant way to introduce such a
term is via spontaneous symmetry breaking and higher dimealsoperators, such éﬂ&)f&)%ﬁ

[E]. Here/, = (v_,e.)" are the LH lepton doublets arilis the Higgs doublet Witk = e®*, were

¢ is the antisymmetriSU(2) tensor. The higher dimensional operators are not rencsaidé and
indicate that some particles with masses much above thealypnergies of neutrino oscillation
experiments have been “integrated out”. The probably ®stphay to generate a neutrino mass
term is addingh RH neutrinosvg to the SM IﬂlJ;b] which also seems well-motivated because all
other fermions are known to exist with both chiralities. e following we focus on the scenario
n = 3. Since thevg, are gauge singlets, there exists no fundamental reasohigothoice, except
for the fact that the known fermions come in three generatidrne most general renormalisable
Lagrangian with only SM fields angk reads

L — T 1 _
Z = gSM+|VRdVR—€|_FVRCD—CDTVRFTlL—E(V&MMVR—F VRM,-\r/lVlg). (1)

Here %swm is the SM Lagrangian, The Majorana mass téviyjy = diag(M1, M2, M3) introduces a
new mass scale in natuieandF is a matrix of Yukawa couplings. Fdf, > 1 eV there are two
distintﬁ sets of mass eigenstates, which can be represdlavioyr vectors of Majorana spinots

andN

v=Vlvy —UJBvg+cc , N=Vr+0Tv +cc. )

V, is the usual neutrino mixing matri, = (1 — 366M)U, with 6 = mpM;*, mp = Fv. U, is its
unitary partVy andUy are their equivalents in the sterile sector &ek OUy. The elements;

of the vectorv are mostly superpositions of the “active” SU(2) doubletesta and have light
massesv —F? x v?/M, < M,. The element#\, of N are mostly superpositions of the “sterile”
singlet statesr with masses of the order M. At energies below the electroweak scale, libavy
neutral leptons Ninteract with the SM via mixing with active neutrinos, whighquantified by
the matrix element®,,. The behave just as SM neutrinos, but with a larger nvgsand a cross
sections suppressed by factor$ = |94|? < 1. The unitary matriced, andUy diagonalise the
mass matrices

my ~ —VFM T = — My 6", My ~ My +%(9T9MM +My,676"), 3)

lHerev,% = CVR', the charge conjugation matrix@= i} in the Weyl basis.
2Here c.c. stands for theconjugation defined above.
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respectively. If[(B) is the only source of neutrino massasust at least equal the number of non-
zerom;, i.e.n > 2 if the lightest neutrino is massless ang 3 if it is massive. Phenomenologically,
the most interesting properties of tNeare their massdgl, and interaction strengths

Ud =10al?, U|252U§| ) U§EZU§|- (4)
a

The new particledN; may be responsible for several phenomena in cosmologydimg the
observed Dark Matter (DM) and the baryon asymmetry of thearse (BAU). The role they play
in particle physics and cosmology strongly depends on tbi&etof the new mass scale(d), see

,B] for a review. Neutrino oscillation data arid (3) onlynstrain the combinatiof MWFT of
mass and coupling, leaving much freedom to Visly If the F are perturbatively small, thel,
should be at least 1-2 orders of magnitude below the Plaralk.sOn the lower end thié, can be
as small as a few e\Ellmlﬁ]For n > 3 any value in between is experimentally allowed, though
there is a clear preference fioi > 100 MeV if theN, are required to be the only source of active
neutrino masses [12].

TheGUT-seesaw - In the probably most studied version of the seesaw meadtmathisM, are far
above the electroweak scale. This choice is primarily nateiet by aesthetic arguments: For values
Fai ~ 1, neutrino masses near the Planck limjtn < 0.23 ] imply valuesM; ~ 10 — 10%°
GeV, slightly below the suspected scale of grand unificafidns scenario can easily be embedded
in grand unifying theories. Favl, > 4 x 10° GeV ], the CP-violating decay & particles in
the early universe can furthermore explain the BAU via Igptwesis|[15]. Flavour eﬂec@@ZO]
can reduce this lower bound by-12 orders of magnitud ﬁ.lf the M, are indeed that large,
thenN, cannot be found in any near future experiment (and possiem. The only trace they
leave in experiments can be parametrised in terms of highesrtsional operators in an effective
LagrangianS], which can e.g. be constrained by seardrearfe processes. On the positive side
this means that one can get some information about physienahigh scales. For a degenerate
M, -spectrum om = 1, the resulting bounds aN,-properties can indeed be quite strong, see e.g.
[@], for n = 3 they are much Weak37]. On the negative side, the seesmlvanism is not the
only way to generate these operators, and without directiirig the new states, it is impossible
to know their origin.

TheTeV- and electroweak seesaw - The highest scale that can be probed directly by expersnent
is the TeV scale. Searches fdr have been undertaken at the ATLAS and CMS experiments at the
Large Hadron Collider (LHCBQO], so far without poséivesult, see Fidll 1. The experimental
challenge lies the smallness of the Yukawa interactiona relatively low seesaw scal, in (3)
generically requires small values of thg ~ Fo = (mM, /v?)¥/2, hence tiny branching ratios. In
the minimal seesaw 1) a discovery at the LHC is only reali$tsome individualF,, are much
bigger thanF, and the smallness of thg is achieved due to a cancellation (@[@—43], e.g.
due to an approximate conservation of lepton numﬂeﬂﬂn—@hances are generally better

in extensions of({l1) in which thd, have additional interactions, SQ[@ 47]. Direct seadie

SIf all M, = 0, thenv; are Dirac neutrinos, which remains to be a possibility thatinsistent with all known data.
Small values 6< M| < 1 eV are, however, mostly exclud@[ll].
4The consistent description of all quantum and flavour edfeemains an active field of resear —34].
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LHC and future colliders have e.g. been studiecl__m\ @—6O¢aMNhile, the parameter space can
already be constrained by indirect means, including rapayke 1], lepton universality
@?IEB] neutrinoless doubfdecay @@ﬂ 8], electroweak precision d 6,
], CKM unitarity E‘HﬂS] or lepton flavour violation imuonic systemsl,ﬂ?;].

N, with M, at the electroweak or TeV scale are also interesting coggiually because they
can generate the BAU via resonant leptogenesis eithergithvair decayfﬁ4] or thermal production
("baryogenesis from neutrino oscillations™) [75+77].

The GeV-seesaw - If the M, are below the masses of the W and Z-bosons, Mjecan be pro-
duced in the decay of gauge bosons. This allows to impose stumhger constraintﬁbﬂ 55,
@,E}ZES]. FoM, below the mass of the B-mesons (and even more below the Dmneass),
the existing direct and indirect experimental constraamesconsiderably stron éﬂéﬂ ﬁl 66], see
Fig.[d. On one hand thid, can be produced efficiently in meson dec@ E%EHEG—QQ th®
other hand neutrino oscillation data impose stronger beondhe sunu? = Sa UOZ,I [IE@’ 1.
Finally, the requirement to decay before the formationgtitielements in big bang nucleosynthe-
sis can impose a lower bound 0t as a function o, [IE |_1_Q|2]. Combining all these bounds
allows to identify the phenomenologically allowed rangd\loparameteralﬂ?], see Fig. 1.

The BAU can be explained fdrl, ~ GeV via leptogenesis during the thermal production of the
\ [@@E‘SM 7]. This requires a degeneracy in teseiV, forn=2 [ﬁ@] but
no degeneracy is needed foe 3 [B]. In a small fraction of the parameter space the CPatiiah
responsible for the BAU comes from the phasedjrthat may be measured in neutrino oscillation
experimentsES], but in general it lies in the sterile seeind can only be measuredhih decays
if their mass spectrum is degener@lOS}.

The leptogenesis parameter space will be further explareédd near future. Fdvl; below
the D-meson mass this is e.g. done by the NA62 experi Jid%heavier masses LHCb and
BELLE Il will improve the bounds@g]. Also searches at Tﬂm or with DUNE (formerly
LBNE) [M] have been proposed. The most significant im could be made with the
proposed SHiIP experimerﬁﬁ)ﬂl?ﬂ or a future lepton detl E}Z].

ThekeV-seesaw Sterile neutrinod\, are massive, feebly interacting and can be very long lived.
This makes them obvious DM candidat@ 115].

Observations with the Astro-H satelli@.lG] may help tarifl the situation. Since thermal
production via mixing is unavoidablmM], an upper boundJg can also be obtained from the
requirement not to produce too much DM. The DM mists$s bound by phase space considerations
to be larger than a ke7]U|2 can also be constrained in the laboratory by KATRIN-type
experiment8]. Finally, the free streaming length of DiNhe early universe can be constrained
by the effect it has no structure formation. The way how tlais be translated into a bound on the
sterile neutrino mass depends on the way they were prododée early universé;_[_bﬂ@ﬂ].
A minimal population is produced thermally via mixi 14¥hich, however, depends on the
chemical potentials in the primordial plasma via the MSVé¢ l_l_zlﬂq. If this population
composes all the DM, then structure formation imphdés> 3.3 keV L’L_Z$]. Sterile neutrino DM
may also be produced in the decay of a scalar f@p[@—lB&pm gauge interactions, in which
case a dilution at later time is necessary to avoid a too |Bxigedensity @Z]. In these
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Figure 1: Upper panel Constraints orUﬁ| from the experiments DELPHL_[,’VS], L3 [F9], LHCh _[49],
BELLE [80], BEBC [81], FMMF [82], E949 ([83], PIENU|[€4], TRIMF/TINA [85], PS191 [85],
CHARMII [Eh, NuTeV [@], NA3 @], CMS @)] and kaon decays @@] Lower panel The black
dots indicate the upper and lower bound on the Blfre= 5, U2, from collider searches and neutrino oscil-
lation data withy; m; = 0.23 eV and inverted hierarchy (chosen as an example). Theulalots show the
largest possible value &f? for givenM, found in a Monte Carlo scan with $@oints that is consistent with
these bounds as well as indirect searches (rate leptonsjedagtroweak precision data, lepton universality,
neutrinoless doublg-decay searches and CKM unitarity constraints). The cdludicates the most satu-
rated bound (green is lepton universality, red neutrirotEsubleS-decay), the shade indicates the degree
of saturation of that bound. Details will be given in an ugdiatersion ofl[37].
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scenarios the initial momentum distribution of the DM isfeliént, leading to different bounds

[143].

Conclusion - To date, neutrino oscillations remain to be the only eihbt piece of evidence

for the existence of physics beyond the SM that has been futig laboratory. They can easily
be explained if the SM is complemented by heavy RH neutrilibgse new particles could also be
responsible for unexplained phenomena in cosmology, datuthe DM and baryon asymmetry of
the universe. If their masses are below the TeV scale, theyb@m&ound in near future experiments.
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