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Standard Model
The Standard Model is a gauge theory based on
SU(3)C X SU(Q)L X U(].)y

and three fermion generations
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with no vg = lepton flavours are accidentally conserved and m, = 0.
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There is New Physics in the lepton sector

We have observed neutrino flavour changes:
Atmospheric v, & v, disappear, most likely to v (SK, MINOS, ICECUBE).
Accelerator v, & v, disappear at L ~ 300/800 km (K2K, T2K, MINOS, NOvA).
Some accelerator v, & 1, appear as v, at L ~ 300/800 km (T2K, MINOS, NOvA).
Some accelerator v, appear as v, at L ~ 300/800 km (OPERA).
Solar v convert to v, & v, (Cl, Ga, SK, SNO, Borexino).
Reactor 7, disappear at L ~ 200 km (KamLAND, SNO+, JUNO).
Reactor v, disappear at L ~ 1 km (D-Chooz, Daya Bay, Reno).

Each lepton flavour is violated: there is physics beyond the SM.
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There is New Physics in the lepton sector

We have observed neutrino flavour changes (Sun, atmosphere,
human-made). The minimal explanation is to give neutrinos a mass.

As a consequence, leptons mix:

_‘CCC - Z (UepglL'yMVJL + UCK U/L’YMdJL> + h.c.
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Neutrino flavour oscillations

To pin down the new physics, flavour oscillations are a unique experimental window.
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For 2v, P.. = sin? (26) sin? (A‘{']_fL), insensitive to @ octant and Am? sign.
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Neutrino flavour oscillations

To pin down the new physics, flavour oscillations are a unique experimental window.
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For 2v, P.. = sin? (26) sin? (A‘{']_fL), insensitive to @ octant and Am? sign.
Travelling in matter, v, get a potential V,, = V2Gen,,
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Experimental knowledge
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Experimental knowledge
We need 3 light neutrinos
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Experimental knowledge
We need 3 light neutrinos
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Experimental knowledge
Status and open questions

Gonzalez-Garcia, Maltoni, Martinez-Soler, Pinheiro, Schwetz, IE JHEP 12(2025) 216. NuFIT
6.0, www.nu-fit.org. See also Capozzi et al, 2503.07752; de Salas et al, 2006.11237

We are now measuring three-neutrino effects,
D{ V// I/‘r

Mass increases

Normal ordering Inverted ordering
(NO) (10)
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u CP violation?

Puo—vs = Poo—sis < Jiep =C12C23CE3512523513 Sin dcp =
(0.0333 = 0.0006) sin 6cp

which also assess the global consistency of the framework.
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Experimental knowledge

NO, 10 (IC24 with SK-atm)
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1-2 sector
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Dominated by solar neutrinos & long baseline reactors (JUNO).
Very different environments!

[ NUFIT 6.1 (2025)
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2-3 sector

Mass ordering
We can determine Am3, in

Long Baseline (LBL) accel., v, — v,

Am? L
Py, =~ 1 — sin? 203 sin? (4;“)

Amfm ~ Am?, + sin® 1,Am3,

~ Am2, +0.3Am3,

Medium Baseline reactor, v, — U,

. . Am? L
Pee ~ 1 — sin® 2613 sin® (4;)

Am?, ~ Am3, + cos? 0;,Am3,

~ Am2, +0.7Am3,
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Mass ordering

We can determine Am3, in

Long Baseline (LBL) accel., v, — v,

Am? L
Py, =~ 1 — sin? 203 sin? <4?‘>

Amfm ~ Am%z + sin? 012 Am3,
~ AmZ, + 0.3Am% In NO, [Am3,| ~ |Am3, | — 0.3Am;;

|Am§2| ~ |Am§e| - 0.7Am§1.

We measure |Am? | and [AmZ,|, we can infer |[Am3,|.

Medium Baseline reactor, v, — U,
Am? L In 10, |[Am2,)| ~ |Am?, | + 0.3Am2,;
Pee ~ 1 — sin® 2643 sin? SMee | 32| | Eml 221
AE |Am3,| ~ |AmZ |+ 0.7Ams;.
Am, =~ Am3, + cos? f1,Am3, |Am2,,| — |Am2,| < 0in NO, > 0 in 10!
~ Am?, +0.7Am3, In practice, if we infer |Am3,| assuming the wrong
ordering, we get different values from LBL and reactors!
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Mass ordering

We can determine Am3, in

Long Baseline (LBL) accel., v, — v,

Am? L
Py, = 1 — sin? 203 sin? (4;;“)

Amlz_w ~ Am2, + sin® 1,Am3, T

5 T T T T
~ Am3, 4+ 0.3Am3, I ” ]
Medium Baseline reactor, v, — v, _ °F ]
P 1 .2 20 .2 AmgeL g L — Reactors ]
~ 1 —sin sin® | ——— L — LBL-dis ]
“ 13 4E 51— Reactors+LBL-dis —
Am, ~ Am3, + cos® 61, Am3 - ]
Mee = S32 7T C08 T2 21 C | | [ | | | 1

ol Lo NIANG b e b NN
~ Am%z + 0.7Am§1 3 28 26 24 22 22 24 26 28 3

2 3,2 2 3,2
Amg, [107 eV7] Am, [107 eV]



lvan Esteban, EHU Quantum Center, ivan.esteban@ehu.eus.

3’/ EffECtS See arXiv:2410.05380 [JHEP 12(2025) 216] & arXiv:2601.09791
Mass ordering, dcp, 023 octant

2
_ AmijL

A9 =
(A31 ~ 1, Ay ~ 1072)

in2 Az (1— A
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E
Az sin As1A sin Az (1 — A) (A21)2 A =2V2Grne—
21 g ymax A 5 o . -
+ o lep cos(Az1 + dcp) A a-A) + A Am3,
1
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Strongly correlated: we need as much data and independent
determinations as possible!
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3 effects
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JUNO

Arbitrary units, [MeV~]

Oscillation probability

In the global picture
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Sub-percent “solar” parameters

| MO: alone (~ 30) and via |Am?,|
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Relevant on their own and
to overconstrain the 3v paradigm.
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First results: mass ordering
Present JUNO data should have some sensitivity to the mass
ordering,
Alone?
|AmZ,| vs |Am?,,
We have followed publicly available JUNO information:
arXiv:2601.09791
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We are currently testing and overconstraining the 3 paradigm.

Either a robust understanding of Nature or a surprise awaits!

Most parameters are determined within ~ 3%.

A reactors + LBL tension in Am2, within IO gives a ~ 20 preference for NO.
A NOvA + T2K tension in dcp within NO gives a ~ 20 preference for 10.

The global analysis is at the maximal confusion level, with 1o0—2¢ hints not pointing
in the same direction,

Both orderings are essentially equally favored. There exist external datasets
(IceCube, Super-K) that we cannot reproduce but prefer NO by ~ 2.50.
For NO, CP conservation is favored. For |0, maximal CP violation.

No clear preference for 6,3 octant.

JUNO will have a lot to say!



