STATUS OF THREE-NEUTRINO MIXING
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Neutrino oscillation searches using a variety of sources (solar, atmospheric, accelerator and
reactor neutrinos) have established a standard three-neutrino (3v) mass-mixing framework and
five of its parameters: the two squared mass gaps (§m?, Am?) and the three mixing angles
(612, 613, 023). At present, a single class of experiments dominates each of these parameters,
while only combined analyses of various (eventually all) data sets are needed to constrain the
still unknown mass hierarchy [sign(Am?)], 623 octant and CP-violating phase 5. We review
the status of the known and unknown parameters (as emerging from a global analysis of
the oscillation data), investigate the correlations and stability of the such parameters within
different combinations of data sets, and discuss the near-term prospects in this field.

1 Prologue

Since the discovery of atmospheric v oscillations in 1998, a new paradigm — the 3v mass-mixing
framework — has emerged in particle physics!. Indeed, the vast majority of v oscillation data
can be explained by assuming that the three known flavor states vy = (Ve, Yy, ¥7) are mixed with
three massive states »; = (v1, v3, v3) via three mixing angles (612,613, 023) and a possible CP-
violating phase §. Oscillations are driven by two independent differences between the squared
masses m?, which can be defined as §m? = m3 —m? > 0 and Am? = m3 — (m? + m3) /2, where
Am? > 0 and < 0 correspond to normal (NH) and inverted (IH) hierarchy, respectively 2.

At present, five of the above 3v oscillation parameters have been measured, with an accuracy
largely dominated by a specific class of experiments, namely: 6;5 by solar data 2, 6;3 by short-
baseline (SBL) reactor data®, 623 by atmospheric data!5, mainly from Super-Kamiokande (SK)
6, §m? by long-baseline reactor data from KamLAND (KL) !, and Am? by long-baseline (LBL)
accelerator data!, mainly from MINOS and T2K?. However, the mass hierarchy, the 653 octant,
and the CP-violating phase § are still unknown and will be addresses by future experiments 18,
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In this context, global neutrino data analyses may be useful to assess the overall consistency
and accuracy of the known parameters, as well as to squeeze possible hints about the unknown
ones. In the following, we report and discuss the results of a recent global analysis which include
data available at the time of this Conference?. The reader is referred to Ref. 2 for further details
and references not reported herein.

It should be noted that, in the 3v framework, there are other unknowns not accessible to
oscillation experiments, namely: the absolute neutrino mass scale (possibly from cosmology) 9,
the Dirac or Majorana nature of the neutrino fields %1512 and, in the latter case, the associated
Majorana phases!. Current constraints and prospects on these unknowns, which are crucial for
theoretical model building '3, will also be briefly commented below. Finally, it should be men-
tioned that some controversial results (not discussed herein) might indicate possible extensions
of the above 3v framework in terms of one or more additional mass states v; (j > 4), mostly
sterile and with mass gaps at the (sub)eV scale. The reader is referred to Refs.54 for up-to-date
discussions of the sterile neutrino phenomenology.

2 Methodology of global v data analysis

In this Section we briefly discuss the various data sets and their combination in global fits.

LBL Acc. + Solar + KL data. The oscillation phenomenology of LBL accelerator exper-
iments is dominated by the osciliation parameters (Am?2, 623) in the v, — v, disappearance
channel, supplemented by 63 in the v, — v, appearance channel. However, the current accu-
racy of MINOS and T2K data requires that the oscillation probability is precisely calculated in
terms of all the input parameters, including matter effects and subdominant terms driven by
(6m2, 612, 8). Since (dm?, 612) are essentially fixed by the Solar and KL experiments, it makes
sense to combine these data with LBL accelerator data from the very beginning. We remark
that “Solar + KL” data provide a preference for sin? 13 ~ 0.02 in our analysis 2, which plays a
role in the combination “LBL Acc. + Solar + KL,” as discussed below.

Adding SBL reactor data. After the recent T2K observation of electron flavor appearance”?,
the combination of LBL Acc. + Solar + KL data can provide a highly significant measurement
of 613 which, however, depends on the unknown CP violating phase § and 6,3 octant. SBL reac-
tor experiments (Daya Bay, RENO, Double Chooz) provide (6, f23)-independent and accurate
measurements of 6134, which play a crucial role in the “LBL Acc. + Solar + KL + SBL Reac.”
combination.

Adding atmospheric neutrino data. Atmospheric data involve a very rich oscillation phe-
nomenology in both appearance and disappearance modes involving v, and v.. In principle,
the high-statistics Super-Kamiokande experiment (phases I-IV) is thus sensitive to subleading
effects related to the mass hierarchy, the 623 octant and the CP phase d; however, within the
current experimental and theoretical systematic uncertainties, it remains difficult to disentangle
and probe such small effects at a level exceeding ~ 16-2a8. Moreover, different and independent
analyses of SK data, at comparable levels of refinement, do not necessarily provide similar hints
about subleading effects. Therefore, we prefer to add these data only in the final “LBL Acc. +
Solar + KL + SBL Reac. + SK Atm.” combination, in order to separately gauge their effects
on the various 3v parameters.

Conventions for allowed regions. The data are compared to theoretical expectations via
a refined x? function which accounts for all known sources of correlated and uncorrelated
uncertainties. In each of the above combined data analyses, the six oscillation parameters
(Am?2, dm?2, 612, 013, 023) are unconstrained in any given hierarchy (normal or inverted). Pa-
rameter ranges at N standard deviations are defined as No = /(x® — x2;,)- This definition
holds also in two-dimensional plots, where it is understood that the previous No ranges are
reproduced by projecting 2D contours over one parameter axis. All undisplayed parameters are
marginalized away. Finally, the relative preference of the data for either NH or IH is measured

777



by the quantity Ax?_n = X2 (IH) — x2,;a(NH), with the caveat that it cannot immediately be
translated into “No” by taking the square root of its absolute value, because it refers to two
discrete hypotheses.

3 Constraints on single parameters

In this Section we graphically report the results of our global analysis of increasingly rich data
sets, grouped in accordance to the previous discussion, in terms of single oscillation parameters.

Figures 1, 2 and 3 show the No curves for the data sets defined in the previous section.
In each figure, the solid (dashed) curves refer to NH (IH); the two curves basically coincide for
the 6m? and ;2 parameters, since they are determined by Solar+KL data which are largely
insensitive to the hierarchy. For each parameter in Figs. 1-3, the more linear and symmetrical
are the curves, the more gaussian is the associated probability distribution.
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Figure 1 — Combined 3v analysis of LBL Acc. 4 Solar + KL data: Bounds on the oscillation parameters in
terms of standard deviations No from the best fit. Solid (dashed) lines refer to NH (IH). The horizontal
dotted lines mark the 1o, 20 and 30 levels for each parameter.

Figure 1 refers to the combination LBL Acc. + Solar + KL which, by itself, sets highly
significant lower and upper bounds on all the oscillation parameters but 4. In this figure, the
relatively strong appearance signal in T2K dominates the lower bound on 6;3, and also drives
the slight but intriguing preference for 6 ~ 1.57: indeed, for sind ~ —1, the CP-odd term in
the v, — v, appearance probability is maximized. It should be noted that current MINOS
appearance data generally prefer sind > 0 2; however, the stronger T2K appearance signal
largely dominates in the global fit. On the other hand, MINOS disappearance data drive the
slight preference for nonmaximal 6,3, as compared with nearly maximal 63 in T2K7. The (even
slighter) preference for the second 6,3 octant is due to the interplay of LBL accelerator and Solar
+ KL data, as discussed in the next Section.

Figure 2 shows the results obtained by adding the SBL reactor data, which strongly reduce
the 613 uncertainty. Further effects of these data include: (3) a slightly more pronounced pref-
erence for § ~ 1.57 and sind < 0, and (i¢) a swap of the preferred 623 octant with the hierarchy
(023 < w/4 in NH and 63 > 7 /4 in IH). These features will be interpreted in terms of parameter
covariances in the next Section.
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Figure 2 — As in Fig. 1, but adding SBL Figure 3 — As in Fig. 2, but adding SK
reactor data in the fit. atm. data (global fit to all v data).

Figure 3 shows the results obtained by adding the SK atmospheric data, thus obtaining the
most complete data set. The main differences with respect to Fig. 2 include: (%) an even more
pronounced preference for sind < 0, with a slightly lower best fit at 6 ~ 1.4m; (i3) a slight
reduction of the errors on Am? and a relatively larger variation of its best-fit value with the
hierarchy; (ii¢) a preference for 6,3 in the first octant for both NH and IH, which is a persisting
feature of our analyses. The effects (ii) and (iii) show that atmospheric neutrino data have the
potential to probe subleading hierarchy effects®, although they do not yet emerge in a stable or
significant way.

In Figs. 1-3, an intriguing feature is the increasingly pronounced preference for nonzero
CP violation with increasingly rich data sets, although the two CP-conserving cases (6§ = 0, )
remain allowed at < 20 in both NH and IH, even when all data are combined (see Fig. 3). It is
worth noticing that the two maximally CP-violating cases (sin§ = +1) have opposite likelihood:
while the range around 6 ~ 1.57 (sind ~ —1) is consistently preferred, small ranges around
§ ~ 0.57 (sind ~ +1) appear to be disfavored (at > 20 in Fig. 3), In the next few years, the
appearance channel in LBL accelerator experiments will provide crucial data to investigate these
hints about v CP violation 2, with relevant implications for models of leptogenesis.

From the comparison of Figs. 1-3 one can also notice a generic preference for nonmaximal
mixing (623 # 0), although it appears to be weaker than in our past analyses, essentially be-
cause the most recent T2K data prefer nearly maximal mixing, and thus *“dilute” the opposite
preference coming from MINOS and atmospheric data. Moreover, the indications about the oc-
tant appear to be somewhat unstable in different combinations of data. In the present analysis,
only atmospheric data consistently prefer the first octant in both hierarchies, but the overall
significance remains at the level ~ 20 in NH and is much lower in IH. These fluctuations show
how difficult it is to reduce the allowed range of ;3. In this context, the disappearance channel
in LBL accelerator experiments will provide crucial data to address the issue of nonmaximal 63
in the next few years.

Finally, we comment on the size of Ax? y which, by construction, is not apparent in Figs. 1-
3. We find Ax%_N = —1.3, —1.4, 4+0.3, for the data sets in Figs. 1, 2, and 3, respectively.
Unfortunately, such values are both small and with unstable sign, and do not provide us with
any relevant indication about the hierarchy.
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Figure 4 — Results of the analysis in the plane charted by (sin2 0,3, sin? 6;3), all other parameters being
marginalized away. From left to right, the regions allowed at 1, 2 and 3o refer to increasingly rich datasets:
LBL accelerator + solar + KamLAND data (left panels), plus SBL reactor data (middle panels), plus
SK atmospheric data (right panels). Best fits are marked by dots. The three upper (lower) panels refer
to normal (inverted) hierarchy.

4 Covariances of pairs of parameters

In this Section we show the allowed regions for selected couples of oscillation parameters, and
discuss some interesting correlations.

Figure 4 shows the allowed regions in the plane (sin?#6s3, sin®6;3). From left to right, the
panels refer to increasingly rich data sets, while upper and lower panels refer to NH and IH,
respectively. In the left panels, a slight negative correlation emerges from LBL appearance
data, since the dominant oscillation amplitude contains a factor sin® 6,3 sin®615. The contours
extend towards relatively large values of 613, especially in IH, in order to accommodate the rela-
tively strong T2K appearance signal. However, solar + KL data provide independent (although
weaker) constraints on 613 and, in particular, prefer sin?6;3 ~ 0.02 in our analysis. This value
is on the “low side” of the allowed regions and is thus responsible for the relatively high value
of 053 at best fit, namely, for the second-octant preference in both NH and IH.
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Figure 5 — As in Fig. 4, but in the plane (sin? 6,3, §/7).



However, when current SBL reactor data are included in the middle panels, a slightly higher
value of 013 (sin? 613 ~ 0.023) is preferred with very small uncertainties: this value is high enough
to shift the best-fit of 623 from the second to the first octant in NH, but not in IH. Finally, the
inclusion of SK atmospheric data (right panels) provides in our analysis an overall preference
for the first octant, which is however quite weak in IH. Unfortunately, as previously mentioned,
the current hints about the 623 octant do not appear to be particularly stable or convergent.

Figure 5 shows the allowed regions in the plane (sin®6;3, §/7), which is at the focus of
current research in neutrino physics. In the left panels there is a remarkable preference for
6 ~ 1.57, where a compromise is reached between the relatively high 6,3 values preferred by
the T2K appearance signal, and the relatively low value preferred by solar + KL data. In the
middle panel, SBL reactor data strengthen this trend by reducing the covariance between 6;3
and 4. Clearly, we can still learn much from the combination of accelerator and reactor data in
the next few years. Finally, the inclusion of SK atmospheric data in the right panels also adds
some statistical significance to this trend, with a slight lowering of the best-fit value of 4.

5 Absolute mass observables

In general, absolute neutrino masses can be probed via three main methods. The first, classical
one is provided by 3 decay, sensitive to the so-called “effective electron neutrino mass” mg L
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The second observable — if neutrinos are Majorana spinors — is the effective “Majorana neutrino
mass” mgg in OvBB decay 1011,

2
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i

where ¢33 are additional unknown parameters (Majorana phases). Note that nuclear uncertain-
ties might complicate the interpretation of possible future 0v33 signals'2. The third observable
is the sum of neutrino masses in standard cosmology °:

mgg = = ‘cﬁ?,cﬁml + c%s%Zmzeid’z + 3%3m36i¢3‘ s (2)

Y =my+mg+mg. (3)

The oscillation constraints reported in the previous Section induce strong correlations among
the above three main observables.

Figure 6 shows such correlations in terms of 20 constraints (bands) in the planes charted by
any couple of the absolute mass observables. Note that the bands in the (mg, X) plane of Fig. 6
are quite narrow, due to the high accuracy reached in the determination of all the oscillation
parameters. In principle, precise measurements of (mg, £) in the sub-eV range (where the bands
for NH and IH branch out) could determine the hierarchy. In the two lower panels of Fig. 6,
there remains a large vertical spread in the allowed slanted bands, as a result of the unknown
Majorana phases in mgg, which may interfere either constructively (upper part of each band)
or destructively (lower part of each band). In principle, precise data in either the (mgg, mg)
plane or the (mgg, ¥) plane might thus provide constraints on the Majorana phases.

At present, there are only safe upper bounds on these absolute mass parameters, at the eV
level for mg 1 and in the sub-eV range for mgag 1011 and £ 9 A great experimental activity
is in progress towards mass sensitivity goals of O(v/Am?), at least via 0v33 and cosmological
probes. Sensitivities of O( \/3m2) in Ovf3f decay appear to be extremely challenging at present.

In the most optimistic scenario, the absolute neutrino masses might be all around 0.1-
0.2 eV, and thus observable in the next few years through measurements of at least two among
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Figure 6 - Constraints induced by oscillation data (at 20 level) in the planes charted by any two among
the absolute mass observables mg (effective electron neutrino mass), mgg (effective Majorana mass), and
3 (sum of neutrino masses). Blue (red) bands refer to normal (inverted) hierarchy.

the three (mg, mgg, ¥) parameters. Then, the concordance of two or three of these observables
with the oscillation bands in Fig. 6 woul provide a fundamental cross-check of the standard
framework with three massive and mixed neutrinos. If concordance is not achieved (e.g., if strong
cosmological limits on ¥ are not compatible with possible signals of mgg > 0 within the bands of
Fig. 6, or viceversa), the situation would become even more interesting from a phenomenological
viewpoint. In this case, data might suggest modifications of the standard framework either in
cosmology (e.g., adopting suitable variants of the concordance cosmological model) or in neutrino
physics (e.g., exploring nonstandard mechanisms for Ov33 decay—a topic witnessing renewed
interest). Conversely, the lack of a signal in any of the observables (mg, mgg, ¥) in the next
few years would make the perspectives for the neutrino mass quest extremely challenging.

6 Epilogue

In the light of recent results coming from reactor and accelerator experiments, and of their
interplay with solar and atmospheric data, we have updated the estimated No ranges of the
known 3v parameters (Am2, dm?, 012, 613, 023), and we have revisited the status of the current
unknowns [sign(Am?), sign(fas — m/4), 6. The results of the global analysis of all data? are
shown in Fig. 3 in terms of single parameters. One can appreciate the high accuracy reached in
the determination of the known oscillation parameters.

We have also discussed in some detail the status of the unknown parameters. Concerning
the hierarchy [sign(Am?)], we find no significant difference between normal and inverted mass
ordering. However, assuming normal hierarchy, we find possible hints about the other two
unknowns, namely: a slight preference for the first 623 octant, and possible indications for
nonzero CP violation (with sind < 0), although at a level below ~ 20 in both cases. The second
hint appears also in inverted hierarchy, but with even lower statistical significance.

In order to understand how the various constraints and hints emerge from the analysis,
and to appreciate their (in)stability, we have considered increasingly rich data sets, starting
from the combination of LBL accelerator plus solar plus KamLAND data, then adding SBL
reactor data, and finally including atmospheric data. We have discussed the fit results both on



single parameters and on selected couples of correlated parameters. It turns out that the hints
about the 023 octant appear somewhat unstable at present, while those about § (despite being
statistically weaker) seem to arise from an intriguing convergence of several pieces of data.

Finally, we have discussed the implication of such results for the three observables sensitive
to absolute neutrino masses via single- and double-beta decay and cosmology. In general, global
analyses of oscillation and non oscillation data appear to provide valuable tools to gauge the
overall consistency of the data in a given framework (assumed to be standard 3 mixing herein).
Further experimental data might either confirm the 3v framework and fix its remaining unknowns
(possible CP violation, 623 octant, absolute masses and their ordering, Dirac versus Majorana
nature, and Majorana phases in the latter case), or find interesting discrepancies which would
require new physics beyond the three known neutrino states and their standard interactions.

In the near or medium term, there are interesting plans to address the hierarchy issue
via medium-baseline reactor experiments capable to observe the interference between ém? and
+Am?2. Double beta decay searches will also contribute to test the (more favorable) inverted
hierarchy range for mgg. Cosmology has, in principle, good chances to test the absolute neutrino
mass scale in the near future, if systematics are kept under control. Current long baseline
accelerator experiments will probably improve the current indications on the 623 octant and on
the favored 4 range, but with a significance exceeding ~ 20 only in the most favorable cases.
In the far future, more powerful accelerator searches are being planned to get indications at
higher confidence levels, especially for CP violation and mass hierarchy; in this context, large-
volume atmospheric neutrino detectors may also provide important probes of matter effects,
mass hierarchy and 653. Of course, such expectations and the current planning of near- and far-
future projects might be significantly altered by unexpected discoveries, e.g., of new neutrino
states or new interactions, which might emerge at any time in this surprising and vibrant field
of research.
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