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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).

Reactor v, disappear at L ~ 1 km (D-Chooz, Daya Bay, Reno).

Each lepton number 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:

~Lcc =W Z(Uepé,w“mw“ Uiy di) + h.c.
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Neutrino flavour oscillations

To parametrise 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 parametrise the new physics, flavour oscillations are a unique experimental window.

|v(0) Z UsP ™ 1) = |va(L Z Ul “e /e |V)

|v;) interfere:
Pog = 0ag — 4 Re [UlepUlep* UL Ulep} sin? —|— 2ZIm [UIEP UsP Uy U'ep} sin 0

i<j i<j 2E
For 2v, P.. = sin? (26) sin? (A‘{']_fL), insensitive to @ octant and Am? sign.
Travelling in matter, v, get a potential V,, = V2Ggn,,
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Experimental knowledge
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Experimental knowledge
We need 3 light neutrinos
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Experimental knowledge

Parametrisation and open questions

Gonzalez-Garcia, Maltoni, Martinez-Soler, Pinheiro, Schwetz, IE JHEP 12(2025) 216. NuFIT
6.0, www.nu-fit.org.

We are now measuring three-neutrino effects,
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which also assess the global consistency of the framework.

NO, I0 (IC19 w/o SK-atm)
NO, 10 (IC24 with SK-atm)

NUFIT 6.0 (2024)
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Experimental knowledge

NO, 10 (IC24 with SK-atm)
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1-2 sector

Dominated by solar neutrinos & long baseline reactors (KamLAND).
Very different environments!

| NUFIT 6.0 (2024) |
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2-3 sector
Mass ordering

We can determine Amj3, in

LBL, through v, — v,

Am? L
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2-3 sector
Mass ordering

We can determine Amj3, in

LBL, through v, — v,

Am? L
Puy~1— sin? 20,3 sin? <4[’:f”>
NUFIT 6.0 (2024)
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3v effects

Mass ordering, dcp, 023 octant
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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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T2K vs NOvA

10 | NO NUFIT 6.0 (2024) |

T
— NOVAv |
------ NOvA v 4
— T2K 4

— LBL-comb

— R+ LBL

[-_IIIlII

ol [ |.|"i"r-1--r'1“|-|w|”| S e MTS e
0 90 180 270 360 0 90 180 270 360

Scp Scp




Ivan Esteban, University of the Basque Country, ivan.esteban@ehu.eus.
3v effects |
See arXiv:2410.05380 [JHEP 12(2025) 216]

T2K vs NOvA: is there a tension?

There are two main “tensions” in the data:
Reactors vs accelerators in 10
NOvA vs T2K in NO

Can we claim that the 3v framework does not consistently explain all data?
Do we need additional New Physics?
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3v effects
T2K vs NOvA: is there a tension?

There are two main “tensions” in the data:
Reactors vs accelerators in 10
NOvA vs T2K in NO

Can we claim that the 3v framework does not consistently explain all data?
Do we need additional New Physics?
“Testing the statistical compatibility of independent data sets,” Phys. Rev. D 68, 033020

(2003) arXiv:hep-ph/0304176.

T2K vs NOvA, NO: 20 (p ~ 0.045)
Reactors vs (T2K+NOvA), 10: 1.40 (p ~ 0.16)
At most 20. But there's many other data combinations (see the paper)
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Atmospheric neutrino samples, and more on the mass ordering

For atmospheric neutrinos, we do not have enough information to
reproduce the analysis. We have to use y? tables.

Super-K ( ): ~ 20 rejection of 10.
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Atmospheric neutrino samples, and more on the mass ordering

For atmospheric neutrinos, we do not have enough information to
reproduce the analysis. We have to use y? tables.

Super-K ( ): ~ 20 rejection of 10.
IceCube ( ): the determination of Am3, adds up
to the reactor-LBL synergy NGFIT 6.0 (2024)
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With both tables, NO is preferred with ~ 2.5¢.
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Some consequences for the global picture

The mass ordering is relevant for absolute neutrino mass searches.
| NUFIT 6.0 (2024) |
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We are currently testing and overconstraining the 3v paradigm.

Either a robust understanding of Nature or a surprise awaits!

Most parameters are determined within ~ 5%.

A reactors + LBL tension in Am3, within 10 gives a ~ 20 preference for NO.
A NOrvA + T2K tension in dcp within NO gives a ~ 20 preference for 10.

The global analysis is at the maximal confusion level, with 10—2¢ hints not pointing
in the same direction,
Only after adding IceCube and Super-K tables, there is preference for NO.
For NO, CP conservation is favored. For 10, maximal CP violation.
No clear preference for #,3 octant.

Stay tuned!
Thanks to the rest of the NuFIT collaboration: M.C. Gonzalez-Garcia, M. Maltoni, |. Martinez-Soler, J.

P. Pinheiro, T. Schwetz. And thanks to the great work by the experimental collaborations!



