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... and to attract a number of outstanding students - that have become
accomplished researchers or professionals - forming the so-called
“Neutrino Bari Group”, as mentioned in the Jury’s extended motivation:
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Professor FOGLI Gianluigi (University and INFN, Bari, Italy) and Professor LISI Eligio (INFN, Bari, Italy) for pioneering
contribution to the development of global analysis of neutrino oscillation data from different experiments”
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Today’s award is a great honor for the whole group!
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Indeed, the experimental groups had also
invited Bruno Pontecorvo in Bari, where

he gave a public Colloquium at the Piccinni
Theater on March 2374, 1990

He talked about his experience as one of
the “Via Panisperna boys” (“ragazzi”) - the
famous group led by Enrico Fermi in Rome.
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Indeed, the experimental groups had also
invited Bruno Pontecorvo in Bari, where
he gave a public Colloquium at the Piccinni
Theater on March 23, 1990

He talked about his experience as one of
the “Via Panisperna boys” (“ragazzi”) - the
famous group led by Enrico Fermi in Rome.

Unfortunately | missed that unique event,

being committed elsewhere as Officer of
the Italian Army, during the military service.

I’'m glad to ideally meet Bruno here today!
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3v paradigm: parameters

Mixings and phases: CKM—-> PMNS (Pontecorvo-Maki-Nakagawa-Sakata)
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v flavor oscillation experiments: a = p in vacuum and matter
e—e (KamLAND) upu—->un (Atmospheric) e—>e (SBL Reac.)
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Leading sensitivities to 3v oscillation parameters:
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“Broad-brush” 3v picture (with 1-digit accuracy)

Knowns:

dm?2 ~7x10°eV?
Am? ~2x103eV?
sin%0,,~ 0.3

sin0,; ~ 0.5

sin%0,, ~ 0.02

Unknowns:

d = Dirac CPV phase
sign(Am?2) = ordering
octant(0,,)

absolute mass scale
Dirac/Majorana nature

Normal Ordering (NO) T Inverted Ordering (10)
| — n
+Am?
2 = Vo — 2 |
m<, ] V. - Iém 1
-Amz
; VS I v




Hi-res, larger picture - Global analysis of 'V oscillation data

Analysis includes increasingly rich oscillation data sets:

LBL Accel + Solar + KL (kamLand)
LBL Accel + Solar + KL + SBL Reactor
LBL Accel + Solar + KL + SBL Reactor + Atmosph.

¥*> metric adopted. Parameters not shown are marginalized away:

C.L.’s referto NO = \/ AXZ =1,2,3, ...

Global fit results: 1804.09678 by F. Capozzi, E. Lisi, A. Marrone, A. Palazzo, PPNP 102, 48 (2018)




LBL accelerators (T2K and NOvA) are dominantly sensitive to (Am?, 0,5, 0,3)
but also probe 6 and NO vs 10, provided that ( dm?, 0, ) are fixed by solar+KL.

2 2 _ 2
P(Vﬂ = Ve) ~ gin? 023 sin? 2013 (AL) gin2 (A Am :l})

A — Am? 4F
+ sin 26093 sin 26,3 sin 26019 (5’22) ( 1 frzzmz) sin (ém) sin (A —42m2 :I:) cos (A4’rg2 m) cos
—  sin 2693 sin 26,3 sin 26,5 (622) ( A éTZj’nz) sin (éx) sin (A _4?}”’? :1:) sin (A4n;2 x) sin §
+ cos?6;3sin? 261 (%) : sin? (%m) , (13)

where A = 2/2GrN,E governs matter effects, with A - —A and § — —6 for v — 7, and Am? —
—Am? for normal to inverted ordering. At typical NOvA energies (E ~ 2 GeV) it is |A/Am?| ~ 0.2,

[ Hereafter:

SBL reactors (Daya Bay, RENO, Double Chooz) are dominantly sensitive to ( Am?, 0,
and shrink the 0,5 range dramatically, with correlated effects on the other parameters

Atmospheric v searches (mainly Super-Kamiokande) also contribute to probe and to
constrain (Am?, 0,5, 0,5, ) as well as testing NO vs 10.

Relevant new result (2017-2018): Hints for CPV and Normal Ordering (NO)



In the following figures: Typical bounds would be ~linear and symmetric
for ~gaussian errors around the separate best fits for both NO and 10.
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However, bounds for IO move upwards if one takes into account that
currently NO gives the absolute best fit. Recall: No=v Ay2=1, 2, 3...
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LBL Acc + Solar + KamLAND
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The 2 mass? parameters and the 3 mixing angles bound at >40 level.
Largest mixing angle 0, close to w/4, but octant undetermined at 10.
CP phase favored around 37t/2 (max CPV with sind ~ -1).

10 slightly disfavored with respect to NO at ~10 level.
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Range of smallest mixing angle 6,5 dramatically reduced

Largest mixing angle 0, close to w/4, but octant undetermined at 20.
Max CPV at ~3mt/2 favored , CP conservation disfavored at ~20 in NO.
|0 disfavored with respect to NO at ~20 level.



LBL Acc + Solar + KamLAND + SBL Reactors + Atmos
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Further improvements for various parameters: 1o bounds at few % level
Largest mixing angle (2-3) close to m/4, but octant undetermined at 20.

CPV: sind ~ -1 favored, ~ 0 disfav., ~ +1 exclud. Meaningful bounds at ~30.
10 significantly disfavored with respect to NO, at ~30 level (but: caution!)



Understanding the accelerator + reactor (+atm.) impact on NO preference

LBL Acc + Solar + KL + SBL Reactors + Atmos
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Better agreement with
reactors on y-axis for NO

Atmosph. data also
contribute (but in a

less intuitive way)
Plyy = ve) =~

sin? (% sin? 2013 (

Running experiments can further corroborate this picture (if true)



Understanding the accelerator + reactor (+atm.) impact on CPV preference

LBL Acc + Solar + KL + SBL Reactors + Atmos
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Running experiments can further corroborate this picture (if true)



3v oscillation parameters, circa 2018

Table 1: Best fit values and allowed ranges at No = 1, 2, 3 for the 3v oscillation parameters, in
either NO or I0. The latter column shows the formal “lo accuracy” for each parameter, defined

as 1/6 of the 30 range divided by the best-fit value (in percent). P
Parameter Ordering Best fit 1o range 20 range 3o range | “lo” (%)
om?/107° eV NO 7.34 7.20 — 7.51 7.05 — 7.69 6.92 — 7.91 2.2

IO 7.34 7.20 - 7.51 7.05 - 7.69 6.92 — 7.91 2.2
sin? 64 NO 3.04 291 - 3.18 2.78 — 3.32 2.65 — 3.46 4.4
10 3.03 2.90 - 3.17 2.77 - 3.31 2.64 — 3.45 4.4
sin” f;3/10~2 NO 2.14 2.07 - 2.23 1.98 — 2.31 1.90 - 2.39 3.8
(0] 2.18 2.11 - 2.26 2.02 - 2.35 1.95 - 2.43 3.7
|Am?| /1073 eV? NO 2.455  2.423 —2.490 2.390 — 2.523 2.355 — 2.557 1.4
10 2.441 2406 —2.474 2.372 — 2.507 2.338 — 2.540 1.4
sin? 023/1071 NO 5.01 4.81 - 5.70 4.48 — 5.88 4.30 - 6.02 5.2
10 5.57 5.33 - 5.74 4.86 — 5.89 4.44 — 6.03 4.8
d/m NO 1.32 1.14 — 1.55 0.98 - 1.79 0.83 — 1.99 14.6
10 1.52 1.37 — 1.66 1.22 - 1.79 1.07 — 1.92 9.3

Known parameters constrained at few % level - Precision era!

“Unknown” CP phase maybe already “known” at O(10%) - if trend confirmed

Dramatic progress in the last two decades on the PMNS paradigm...
but still a long way to go to reach CKM-level accuracy and redundance!

Hints for nearly maximal CPV and NO will be at center stage in next years



3v paradigm status via non-oscillation searches:
absolute v masses and observables ( mg, Mgg, )

B decay, sensitive to the “effective electron neutrino mass’:

1
r9 9 9 9 9 9o 9 o1%
mpg = [013012m1 + C13872M5 + 513m3]

0vpP decay: only if Majorana. “Effective Majorana mass’ :

12 2 9 9 ; 9 i
mgg = iC13C12m1 + C3S19M2e P2 Sizmse ¢3|

Cosmology

Z:m1+m2+m3

Note 1: These observables may provide handles to distinguish NO/IO.
Note 2: Majorana case gives a new source of CPV (unconstrained)
Note 2: The three observables are correlated by oscillation data—->



Constraints on nonoscillation observables from oscillation data
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Upper limits on mﬁ, mBB, 2 (up to some syst.) + osc. constraints
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Cosmo data already contribute to put 10 “under pressure”.
Major improvements expected in the next decade -



Upper limits on mﬁ, mﬁﬁ’ 2

in~10 years ?
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Large phase space for discoveries about v mass and nature
(and for possible surprises! E.g., 4v ?)



EPILOGUE

We are still in the middle of a transition from “unknown” to “known” in v physics
Neutrino CPV, masses and nature are at the focus of worldwide expt+theo research
Global analyses of oscillation (+ nonoscillation) data will continue to play a role in
deepening our understanding of the 3v paradigm or... hinting at physics beyond it

Neutrinos will not cease to amaze us!

Thank you for your attention.



