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2005 2025

Apparently not a great record (but have a look to the greatly increased precision). 

So why several thousands of physicists are joining next generation long baseline experiments, 
which are among the priorities in hep in many countries (Italy included)?

Letôs have a closer look to the achievements of neutrino oscillations physics

Neutrino Physics in the past 20 years

0.8 eV (90%CL)



Before 90ôs: detection of Solar Neutrinos (Homestake ) and detection 

of SuperNova neutrinos (Kamiokande ), awarded with the 2002 Nobel 
Prize to Ray Davis and Masatoshi Koshibaάfor pioneering contributions 
to astrophysics, in particular for the detection of cosmic neutrinos "

1998: Super -Kamiokande discoveries neutrino oscillations by 

studying atmospheric neutrinos. Awarded with the 2015 Nobel Prize 
to Takaaki Kajita "for the discovery of neutrino oscillations, which shows 
that neutrinos have mass"

2002: SNO provides a model independent signature of solar 

neutrinos oscillations. Art McDonald shares the 2015 Nobel prize.

2012: the reactor experiments Daya Bay and RENO provide the 

first observation of a non-zero value of q13. Awarded with the EPS-

HEP prize in 2023. For a longer discussion of the q13 saga you can 

read the long citation of the prize. SK, SNO, Kamland, Daya Bay 

and T2K awarded with the Breakthrough prize 2016

Major achievements in neutrino oscillations

Low energy neutrino astronomy remains a pillar 
of the physics case of the far detectors of Long 
Baseline neutrino experiments

At the same conference, Choozreported no 
evidence of reactor Ӷ’edisappearance while 
MACROreported a ~2.5ssignal of 
atmospheric neutrino oscillation 

Gallex/GNOat LNGS had provided a model 
dependent evidence of solar neutrino 
disappearance

T2Kand then Double Choozreported early 
indications of non-zero q13 values

https://eps-hepp.web.cern.ch/eps-hepp/PrizeAnnouncements/hep2023/EPS_HEPP2023_long.pdf


M. Koshiba, 1988

Ray Davis 1990

Χ ŦǊƻƳ ǘƘŜ ǇƘƻǘƻ ŀƭōǳƳ ƻŦ Istituto Veneto.

Art Mc Donald, 2011

T. Kajita was here in 2007 and 2009, but this 
picture is taken in 2016 when he received a 
Laurea Honoris Causa by Padova University



Why neutrino oscillations matter

Neutrino oscillations Ą neutrinos are massive (Dm2ґлύ

In the Standard Model neutrinos are massless

Å Absence of right-handed neutrinos Ą no Dirac mass for 
neutrinos

Å Lepton number is an accidental symmetry at the renormalizable
level Ą given SM fields and gauge symmetry, lepton number 
cannot be violated at dimension 4 Ą no Majoranamass can be 
generated

New physics is required to give mass to neutrinos
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Å Neutrino masses are only parameter measurable 
both by hep and cosmology

Å A crucial test of consistency

Cosmology measures 

Double beta decay measures

Direct searches measure

To single out individual neutrino masses you need to 
measure neutrino mass ordering.
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What do neutrino oscillations still have to say about nmasses?

Neutrino oscillations cannot measure absolute neutrino masses, 
but can determine their pattern by measuring neutrino mass 
ordering (NMO) and the octant of q23 (which decides if n3 is mostly 
nmor nt)

From T. Schwetz talk at EPS-HEP 2021

Neutrino mass ordering: normal (NO) or inverted (IO), 
measurable by Long Baseline experiments (the 1-2 
ordering already decided by solar oscillations)

Theneutrino mixing is also very different from quarks



Why q13 matters

No way to decide next generation LBL strategy without 
knowing the q13value:

A ñsmallò q13value (õ2) would have made 

conventional neutrino superbeams (the same 

neutrino beams of the '70s + brute force) useless: 

need for new concepts as neutrino factories or beta 

beams. Neutrino mass ordering searches would 

have been almost impossible.

q13  as measured via Ӷ’e

disappearance by reactor 
experiments  breaks any q13-
dCP degeneracy in LBL 
experiments and greatly 
improves their sensitivity

T2K: Eur.Phys.J.C83 (2023) 9, 782

The Jarlskoginvariant in neutrino oscillations:

has a maximum value about three orders of magnitude bigger 
than the invariant in the quark sector
Jn(max) = σȢςẗρπ

Jquark = σȢψẗρπ
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opening the possibility of 
a role of neutrino 
oscillations in explaining 
the matter-antimatter 
asymmetry in the 
Universe through 
Leptogenesis.

See-saw parameters

Sensitivity of SHIP

Sensitivity of FCC-ee



Three generations of Long Baseline Experiments

Long baseline experiments produce intense nm(Ӷ’m) beams and detect them at the 
maximum of atmospheric oscillations.

Leadingprocessare nmҦntoscillations, and so nmdisappearance, allowing to 
measure the atmospheric parameters q23 and Dm2

23

Subleadingprocess are nmҦ ne oscillations,  sensitive to q13 and dCP

First Generation: K2Kin Japan, aimed to confirm the Super-
Kamiokanderesults with accelerator neutrinos by detecting nm
disappearance.

Disappearance formula

Subleading ne appearance formula

Second Generation: Minos in the States (nmdisappearance) and 
Operaat CNGS (ntappearance), aimed to improve the Super-
Kamiokanderesults.

Third Generation: T2Kin Japan and NOvAin the States. Sensitive to 
subleadingprocesses, aimed to measure q13 and constrain CP 
violation in the leptonic sector.
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The T2K experiment
ÅT2K: Tokai to Kamioka(295 km baseline)
ÅRunning since 2010
Å~575 members, 75 Institutes, 14 countries
ÅFirst indication of q13ґл
ÅPrecise measurements of the atmoshperic

parameters q23 and DÍ
ÅConstrain the CP violation phase dCP

ÅNeutrino cross-section measurements

Off-Axis (OA): Ὁ
Ȣ





Present status of neutrino oscillations

Solar parameters

Atmospheric parameters

NO

IO

The different contours correspond to the two-dimensional allowed 
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Atmospheric parameters as measured by different 
long-baseline and atmospheric experiments.

T2K, Nova and Super-K results about dCP.
Tension in case of NO

ÅNull CP violation disfavored at slightly less 
than 2s(NO)or almost 3s(IO)
ÅNormal Ordering slightly preferred 
ÅThe q23 octant unstable in the global fits
ÅOscillation parameters measured with a 5% 
precision or better
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Main goals of next gen experiments: Dune, Hyper-K, Juno, atmospherics

CP violation : 5ssensitivity for the widest possible range υπϷof dCP values

Mass Ordering : decide between Normal and Inverted Ordering at 5s

Precision physics /Exotics: challenge the Standard Model (next slide)

Astrophysics : the gigantic far detectors are excellent observatories for rare decays and astrophysical 
measurements



tǊŜŎƛǎƛƻƴ ǇƘȅǎƛŎǎ Ҧ ƴŜǿ ǇƘȅǎƛŎǎ

From Phys.Rev.D102 (2020) 11, 115027.
Data are simulated with a non-unitary LMM, but 
analyzed assuming it is.

Current and future fit to atmospheric and CP 
oscillation variables, assuming as true value the 
best fit of present data.
From Phys.Rev.D102 (2020) 11, 115027.

For instance by studying non-unitary leptonicmixing matrixes (LMM)

Current: Joint Fit

Other exotic searches
Å Non Standard neutrino Interactions
Å Neutrino decays
Å Heavy neutrino decays
Å Lorentz and CPT violations
Å Sterile neutrinos
Å ΧΦ

Another way to visualize
possible checks with 
future sensitivities



Photo coverage: 78%
1600 p.e./MeV

Liquid Scintillator Detectors

Signal rates

The JUNO experiment

Jiangmen Underground Neutrino Observatory, China, detecting Ӷ’e disappearance at reactors. 

74 institutes (8 INFN) 
17 countries/regions 
~700 collaborators



é whose accuracy will exceed 

present values

To measure NMO: decide if the 
oscillation pattern corresponds to the 
blue or to the red curve. Requires high 
statistics and extreme control of the 
energy scale.
Expected 3s sensitivity in 7.1 years.

From the detected spectrum is possible to 
extract several oscillation parametersΧ

n spectrum Sensitivity to NMO vs DAQ time



ORCA (Oscillation  Research with Cosmics in the 

Abyss)

ǒ Depth Ḑ2500 m 
ǒ One block of 115 DU (50 funded )
ǒ Average distance between DU Ḑ20 m
ǒ Average vertical distance b tw DOMs Ḑ9 m
ǒ ȲÆ Mton

ARCA (Astroparticle  Research with Cosmics in the 

Abyss)

ǒ Depth Ḑ3500 m 
ǒ Two blocks of 115 DU each (130 funded )
ǒ Average distance between DUḐ90 m
ǒ Vertical distance between DOMs Ḑ36 m
ǒ Volume (0.5 × 2 ) km3

Detector Unit 
(DU): 18 DOMsStatus:

ARCA: 33 DU deployed
ORCA: 24 DU deployed 

Optical Sensor 
(DOM): 
31 PMTs (3")

2016 and 2020 ESFRI Roadmap
KM3NeT4RR:  KM3NeT for Next Generation EU  (PNRR)
14 countries, 47 institutions, ~ 300 collaborators

KM3NeT



ORCA 6 DUs 510daysORCA6 DUs 354days

ȹm2
32 vs sin2ɗ23

Three years of data taking. 
115 DOMs. Educated guess 
about systematics

NO

IO

ICRC 2023

Neutel 2023

Full Statistics

Orca sensitivity to oscillation parameters
Neutrino mass ordering

Eur.Phys.J.C82 (2022) 1, 26. 
q23=48.6хand dCP=221х 

Most updated prediction 
following the deployment 
master plan, the error 
band considers both NO 
and IO and the range of 
the q23 allowed values

Will be updated next 
week @Neutrino 2024



An example about the many different ways to look for new 
physics with oscillations at Neutrino Telescopes

ÅCosmic sources produce neutrinos with a well 
defined flavor composition

ÅOscillations randomize the flavor composition 
in their travel, but not completely.

ÅIf something happens different from 
oscillations, it will modify the composition at 
earth:signaturefor new physics

ÅPresent precision is far from enough for these 
studies, but in the future, also combining 
several experiments, it will be possible to look 
for new physics signatures in this plane.

ÅThe role of KM3NeT/ARCA could be crucial

Q.Liu et al., arXiv:2312.07649
This representation was first introduced by Fogli, Lisi et 
al.,Phys.Rev.D 52 (1995) 5334


