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1. Prologue: Uncovering fragments of new physics

Neutrino physics has witnessed a dramatic revolution indaletwelve years, after the 1998
discovery of atmospherig, oscillations driven by the mass-mixing paramet@ay, 63). This
breakthrough was followed by further decisive resultsvomasses and mixings, such as the ev-
idence for solar neutrino flavor transitions driven @m?, 6;,) parameters, the upper limits on
the smallest mixing angléf;3), the observation of oscillatory patterns at accelerators raac-
tors and, recently, interesting cosmological bounds ortrimeumasses in the (sub)eV range. As a
consequence, the level of interest in this field has draaifticaised in recent years, with(10%)
“neutrino” preprints released per year, as shown in Fig. 1.

The quest for exploring and understanding the neutrinogait@s is, however, far from being
complete. In a sense, we may think of it as a long “archaecébgjuest,” where some uncovered
fragments have started to reveal a possible pattern (of mgwsigs), but not yet the underlying
structure (at the origin of neutrino masses and mixingsis tiequiring a deeper digging (into the
physics of neutrinos). The celebrated Winged Victory of S8imace, a masterpiece of Greek art
on display at the Louvre museum (see Fig. 2), provides a Lseftaphor to describe this quest.

Pieces of the statue and of the pedestal (both dated aroartidéntury B.C., in celebration
of a naval victory) were excavated in 1863, and then readgehit stages, first on site and then
in Paris. Some missing parts were reconstructed in plasésed on plausible symmetries (e.g.,
wing fragments); for other pieces, possible reconstrasti@mained at a hypothetical level, based
on disputed analogies with similar statues or coin effigeeg.( arms and gestures). Only further
excavations, about a century after the discovery, uncdwefeagment of the right hand showing an
open palm (currently on display near the statue), thusrgaformer hypotheses of a closed hand
holding a trumpet or wreath, in favor of a simple gesture ekgings.

Similarly, our dream is to dig further in neutrino physias find other matching fragments of
new physics, and to uncover the overall structure, possilitly the help of new symmetries; but
we might also face nightmares, such as very few fragmentalse feads, multiple or wrong re-
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Figurel: Yearly distribution of preprints with “neutrino(s)” in thi#le, from the SPIRES database. Relevant
peaks of interest are also indicated.
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Figure 2: The Winged Victory of Samothrace at the Louvre Museum: a pfeiaof the long quest for
finding and piecing “fragments” of new (neutrino) physics.

constructions of the underlying picture, and long timessdbr major achievements. The neutrino
talks presented at this Conference represent very wellthetbxtraordinary progress and the great
challenges inherent to this field of research, as brieflyeregd in the following.

2. Thethree-neutrino oscillation framework: Known and unknown fragments

Neutrino oscillation experiments have provided us with lidsiiree-neutrino framework, in
terms of flavor state@ve, vy, V) mixed with three mass statés;, v, v3) via three mixing angles
(612, 623,613) and a possible CP violation phade Relatively accurate measurements exist for
the square mass differencAs? = [mg —mg ,| and dm? = m5 — Mg < A, and for the mixing
anglesfi, and 6,3 [1, 2, 3]. The dynamics related to such parameters is esfigninder control;
e.g., evidence has been been found for@i&g) interaction energy of neutrinos in solar matter
(“matter effects”) [1]. However, only upper bounds exists the mixing angled;s [3], whose
determination is crucial to address CP violation searchasaelerators (the unknown parameler
being accessible only #;3 # 0) [2]. Also, the sign ofAn? (+ for “normal” mass hierarchy;- for
“inverted” mass hierarchy) is unknown.

The completion of the three-neutrino oscillation framekveets clear experimental goals for
the near and far future, but also significant challenges tdrim® theory and phenomenology.
The most crucial issue is the assessmerty gfwhere some weak hints in favor of a nonzero value
seem to emerge in the analysis of solar plus reactor [1,Bpspheric [4], and accelerator [5] data.
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The overall indication foB,3 > 0 does not exceed 20 at present, and is thus inconclusive. In the
optimistic case, the new generation of accelerator [2] aadtor [3] experiments in construction or
early operation should be able to measég opening the door to leptonic CP-violation searches.
In the pessimistic case, the quest 8ag and d will be postponed to next-generation experimental
facilities, facing a new scale of technological and fundihgllenges.

A first measurement 0813, and more precise measurementsfgf and 6;,, will be very
important to discriminate theoretical models for the gatien of neutrino masses. The closeness
of these angles to some “special values” (e.qg., the soetaildimaximal mixing or quark-lepton
complementarity patterns [6, 7]), may suggest flavor symegetunderlying the neutrino mass
matrix texture—a very active area of theoretical reseanctecent years [6]. In this context, the
distinction of the almost-equivalent cases > /4 or < 11/4 (the so-called octant degeneracy)
will be a major phenomenological challenge. From the th@akpoint of view, progress has
been made not only in building viable models, but also in mgkthem as predictive and testable
as possible, exploiting any conceivable link between thérire®® mixings and other observables,
such as the absolute neutrino masses [3], new neutrino npiepE, 9], lepton flavor violation
[10], and new physics at relatively close energy scales18, 1

The determination of the mass hierarchy (i.e., the siga&i?) represents another difficult
task in neutrino oscillation searches. Its determinateguires an interference afr?-driven os-
cillations with other oscillations driven or affected byodimer quantityQ having a known sign. At
present, barring new neutrino properties or states, theawdilable possibilities are, in theoryi) (

Q = a7, which would require high-resolution oscillation expeeints (presumably at reactors)

sensitive to both square mass differencég; @ = Ne, namely, the background electron density,
which would require high-precision determinations of Bartatter effects in long-baseline accel-
erator experiments, iB13 is not too small; andiif) Q = N,, namely, the background neutrino

density, which would require high-statistics observatiah core-collapse supernova neutrinos—
the only environment where neutrinos are a background tmgbles with directly observable

conseguences. Each of these possibilities is very chatignfpr quite different reasons. However,

the latter has gained great interest in neutrino theoryntceas it involves the analysis of nonlinear

flavor evolution equations for neutrinos, with surprisimglasery interesting new results [12, 13].

In particular, in inverted hierarchy, supernova neutriappear to show similar flavor transition

properties in extended energy ranges (“collective belmgyiwith some abrupt changes at specific
energies (“spectral splits”) which might be observablehmeutrino spectra from a future galactic
supernova explosion [12, 13]. This topic sets challengiptetical goals for a realistic descrip-

tion, since collective effects have only been studied ursdene simplifying approximations and

symmetries so far.

3. Fragments beyond three-neutrino mixing?

Not all fragments actually match the three-neutrino sdaenaind some of them might point
towards new light neutrino states (necessarily sterike, not coupled to the electroweak vector
bosons, but mixed with active states) or new neutrino icteras and properties. In this context,
the LSND/MiniBoone anomalies represent the largest antistically more significant ¥ 30)
“block” of unexplained effects in neutrino physics [14].interpreted in terms of oscillations from
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muon to electron neutrino flavor, these anomalies requiesoomore sterile states with a relatively
large mass splittingAM? ~ O(eV?) > An?, dmP. However, several analyses have shown that,
even exploiting all additional degrees of freedom (e.g.viORation in the sterile sector), scenarios
with active and sterile neutrino mixing fail to provide a gofit to world neutrino oscillation data,
unless further hypotheses are made (e.g., nonstandandnoeinteractions). It is fair to say that
no convincing theoretical explanation has emerged sotfar.also appropriate to mention that the
level of such anomalous signals depends also on a careflulatiesn of backgrounds, and thus on
theoretical calculations of cross sections in productind detection processes - a research field
which, given the accuracy required in modern experimentsesses a renewed interest [15].

Other fragments which do not really match standavdeXpectations include: (1) the non-
observation of a low-energy upturn in tP solar neutrino spectrum (expected from matter effects)
[1], and (2) a possible difference between neutrino anchaatrino mass-mixing parameters in the
MINOS long-baseline experiment [5]. If real, these effettaild necessarily demand quite radical
departures from the standard scenario, in terms of newaictiens [8] or even (in the latter case)
of violations of the “sacred” CPT symmetry. Given the cutrderel of significance of such effects
(~ 20), it is too early to draw any conclusion. However, all thesenatched fragments make
it advisable to remain quite open to new results and supiiiseluding possible large neutrino
magnetic moments [9]).

4. Absolute mass scale(s)

The timescale of the long (and unfinished) process of renast&in of the Victory of Samoth-
race spans many decades. Similarly, the basic question ‘4#oall is the neutrino mass?” is still
with us, after it was posed by W. Pauli and E. Fermi about gigletars ago. Shortly after, E.
Majorana posed another basic question,V'ks v?” These two unsolved questions are somewhat
entangled. In fact, the only realistic probe of the spidor&ure of massive neutrinos (either Dirac,
V # V; or Majorana,v = V) is the process of neutrinoless double beta deca ), which takes
place only for Majorana neutrinos and is also sensitive &t tnasses [3].

In general, absolute neutrino masses can be probed viadifeent “fragments.” The first,
classical one is provided by the spectral endpoing idecay, sensitive to the so-called “effective
electron neutrino massfiig,

mg = [Z Us Izmz] — [RacomE + o2+ 2R (4.1)

The second observable is the effective “Majorana neutrinestmgg in OvB3 decay,

Mg = = |c§3c§2m1 + Cigﬁszé@ + §3m36|% ) (42)

Y Uém
|

whereg 3 are additional unknown parameters (Majorana phases). tNatedditional new physics
might also contribute tangg and complicate the interpretation of a futune@p signal.
The third observable is the sum of neutrino masses, whigttfthe formation of large-scale
structures in standard cosmology:
=M +Mp+m. (4.3)
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At present, apart from a single, disputed3@p claim [3], there are only safe upper bounds on
these absolute mass parameters, at the 2 eV levelfpoand in the sub-eV range famgz and>. A
great experimental activity is in progress towards massitigty goals of O(v/An?), at least via
OvBB and cosmological probes. Sensitivities@ffy/dn?) can only be dreamt of at present.

In the most optimistic scenario, the absolute neutrino emssght be all around 0.2 eV, and
thus observable in the next few years through measuremefitgzomgg, ). The concordance of
these three “fragments” would then provide a fundamentascheck of the standard framework
with three massive and mixed neutrinos. However, it may higpen that these fragments do
not match, e.qg., if strong cosmological limits @nare not compatible with possible signals of
mgg > 0. In this case, the situation would become even more integeSom a phenomenological
viewpoint, suggesting maodifications of the standard fraor&vweither in cosmology (e.g., adopting
suitable variants of the concordance cosmological model) aeutrino physics (e.g., exploring
nonstandard mechanisms for®B3 decay—a topic witnessing renewed interest). Converdady, t
lack of a signal in any of the observablés);, mgg, ) in the next few years would make the
perspective for the neutrino mass quest extremely chaligng

From a theoretical viewpoint, the smallness of absolutdérimeumasses is generally regarded
as an indication of new physics at some higher mass scaleyvmghe celebrated see-saw mech-
anism [6, 8]. The see-saw is, however, a generic label forri@gtyaof mass generation models
which may include the exchange of a fermion singlet (typest)a scalar triplet (type-Il), or a
fermion triplet (type-Ill), together with many variants additional contributions (e.g., due to su-
persymmetry or left-right symmetry or radiative mecharssmcClassical arguments in favor of
type-l see-saw with heavy singlet neutrinos at a grandedhi$icale still conserve their simplicity
and beauty, supplemented by the bonus of a natural leptsigegeplanation of the cosmological
baryon asymmetry [16, 17]. However, in the LHC era, it shdaddeminded that the scale of new
neutrino physics might be as low @TeV), although sometimes at the price of “fine tuned” or “ad
hoc” hypotheses. It makes sense to explore the possibilitlysee-saw mediators might indeed be
observed at the LHC via the production of multiple leptonisdiBHiggs bosons [11], and that ra-
diative see-saw physics might independently emerge ioteftdvor violation processes [10]. With
some luck, we might then start finding fragments of the vergioof neutrino masses at colliders
in the next few years.

As mentioned, very high mass scales related to neutrinoigggan be explored in leptoge-
nesis models, which aim at explaining a single number (tmgdmaasymmetry) via CP-violating
decays of heavy right-handed neutrinos. Needless to sege tmodels are difficult to test, unless
links are found or assumed between their (inaccessibldl-digprgy sector and (accessible) low-
energy observables. Significant progress has been madehraggirection in recent years, with
great advances towards detailed theories of leptogenagischdifferent low-energy consequences
[16, 17]. From a phenomenological viewpoint, in generali-energy observations o83 decay
(implying the Majorana nature of neutrinos), of the abshgtutrino mass scale and hierarchy, and
of possible leptonic CP violation and its origin [18] would tecisive steps towards a “big picture”
supporting leptogenesis and the see-saw mechanism at leigbeyy scales.
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Figure 3: Epilogue.

5. Epilogue

The tiny masses of neutrinos and their mixings represenfifigments of new physics, which
are being patiently collected and pieced together. Onlyvepfarts of the underlying structure have
emerged clearly so far (e.g., the three-neutrino mixingnéaork), while many remain uncov-
ered, with a few pieces not matching with the others, and abirdormation about the basic
origin of all the fragments. Significant theoretical workbising made in order to make sense of
these findings, to understand their links with (neutrinoygits at higher energies, as well as with
other pieces of information coming from astropatrticle, rgled lepton flavor violation, and col-
lider physics. The next few years of research will be deeisordisclose new crucial fragments,
hopefully revealing—despite the unavoidable incomplessr—an image of Nature as vibrant and
beautiful as the Winged Victory at the Louvre.
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