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Evidence for Flavor Oscillation Zenith_angle dependence
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NO, 10 (IC23 w/o SK-atm)
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3V mixing

In the 3 scenario, neutrino evolution is described by six parameters

d |
id_:j = °F (UTdiag(O,Amzzl, Am321)U) U U= U(0,5)U(0,3,0.,)U(0,,)
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Reactor Neutrinos .

In reactor experiments, a flux of v, is created with energies around the ~ MeV /
e neutron /

' g%?

>t y-rays

prompt neutrons

The neutrino flux is created due to the fission of four different isotopes:

235U( N 56%),238 U( ~ 8%),238 Pu( ~ 30%),241 Pu( ~ 6%)
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Reactor

neutrinos: @, and Am?,
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Solar Sector: 6, and Amj;

Amzzl IS determined by long-baseline Tension in the determination of Am221 between reactor and
reactor experiments solar experiments
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Long-Baseline Accelerators

Neutrinos are generated from pion/kaon decays caused by an accelerated proton beam hitting a target.
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| BL: Ams, and sin 26,

Accelerator experiments are sensitive to Am321 and sin” 20,5, searching for yﬂ-disappearance
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LBL: O.p , SIn 6,; and Ordering

Accelerator experiments can search for v ,-appearance
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Long-Baseline Accelerators

0.65F NO -

0.60 — —
The tension between T2K and NOVA over 0,-p and NO shifts the LBL 0.55
preference toward 10 <o

=

0.45

0.40 — —

0.35 :— —:

N II II II II II II II II II II II II II II II :

25_ 0.65 IO —:

S 20 i
£ 0.55

- = .
Z 15

SIH2 923
-
Ot
-

s
(@

oIIIIIIIIIIIIIIIIIIIIIIIIII
I I I I I I I

2 0.45

=
<§ E 40 =========-===  Observed +1lo o - NOvA
3 T P NO, sin? 6hs € [0.44, 0.58] el Tk

a in?
> 2530 I (O, sin? 0 € [0.44,0.58) ) as . —-- NOvA + T2K

] ] ] I ] ] ] I ] ] ] I ] ] ]
95 90 180 270 360

| Esteban, MC Gonzalez-Garcia, M Maltoni,
IMS,JP Pinheiro, T Schwetz, JHEP 12 (2025)

Ocp



https://arxiv.org/abs/2410.05380
https://arxiv.org/abs/2410.05380

NOVA-T2K joint fit

NOVA and T2K have performed a joint fit, showing good agreement with global analysis
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No correlation between the flux, detector and cross-section
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L BL+Reactors

Full LBL-reactor combo eases T2K-NOVA tension
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How can atmospheric neutrinos contribute?



Atmospheric Neutrinos
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Neutrino Evolution in Matter 2 -

W
Matter effects play a crucial role in the evolution of atmospheric neutrinos
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For atmospheric neutrinos, both fluxes are sensitive to 0p

+ In the case of 5Cp =+ (), the CPT conservation implies

P, —-v,)# P, — 1)

« The impact of 5Cp depends mainly on the neutrino direction

- P, contribute to measuring the phase via c0s 0¢p
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Denton and Parke, PRD 109 (2024)
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Multi-GeV

At the GeV scale, trajectories crossing the mantle
experience a resonance, making neutrinos sensitive to —l o
the mass ordering: A Uo7
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Super-Kamiokande

Several experiments have measured the atmospheric neutrino flux, with SK starting from the sub-GeV scale.
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lceCube

The neutrino telescopes measure the atmospheric neutrino flux from the multi-GeV scale
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ORCA

ORCA measures the multi-GeV component of the atmospheric neutrino flux from ~2GeV

The total expected volume is 7 Mt, with events classified
into high-purity tracks, low-purity tracks, and showers
KM3NeT/ORCAG6 Preliminary
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Atmospheric Mass-Squared Splitting

NUFIT 6.1 (2025)
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Mass Ordering
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CP-violation

The Jarlskog Invariant provides a convention-independent measurement of the violation of the CP symmetry
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Neutrino Mass Scale

Additional information is needed to measure the absolute neutrino mass scale
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This picture might change soon...



JUNO

JUNO has performed the most precise measurement of Amlzz and sin” d,,
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JUNO

The goal of JUNO is to determine the neutrino mass ordering
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JUNO

JUNO has performed the most precise measurement of Amlz2 and sin” d,,
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DUNE and HK

DUNE: 100 kt/year
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Beyond 37 mixing...



Pseudo-Dirac neutrinos

One fundamental question is the origin of the neutrino masses. To explain that, we can
consider the SM as an effective field theory

gd=5
geff=gSM+ A +"'




Pseudo-Dirac neutrinos

One fundamental question is the origin of the neutrino masses. To explain that, we can
consider the SM as an effective field theory

g —_ g | gd=5 _|_ oo
eff — SM ! A
* At d=5, we have the Weinberg operator o 1
‘gII;”lCZSS D YZ/LL¢NR + EMRNICQNR + h .C.
Type-| seesaw:
* Introduce right-handed neutrinos
* Allow L number violation
Ty 2
» ForMp > >v M~ 25 » eV neutrino masses can be explained with ¥, ~ 1

C M, » Heavy neutrinos can hardly be tested




Pseudo-Dirac neutrinos

One fundamental question is the origin of the neutrino masses. To explain that, we can
consider the SM as an effective field theory

P = P 4
eff = Lsut T

* At d=5, we have the Weinberg operator
gl/

mdass

_ . 1 -

e There are other scenarios where the Majorana mass can take smaller values (M, < < M)

Wolfenstein, Nucl. Phys. B 186, 147 (1981)
Petcov, PLB 110, 245 (1982)
Valle and Singer, PRD 28, 540 (1983)




Pseudo-Dirac neutrinos

Considering three right-handed neutrinos
0, M
M = 3 D
Mp Mg

We can obtain the neutrino evolution by diagonalizing M ™M

. « U :PMNS matrix
U O 13 l - 13
|  Up: mixing of the sterile sector

° qg — diag(e_i¢l, e_i¢2, e_i¢3)

1
The unitary matri V=—( .
e unitary matrix \/5 0 U o —ig




Pseudo-Dirac neutrinos

Active neutrinos can be written as a superposition of two mass eigenstates
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Pseudo-Dirac neutrinos

Active neutrinos can be written as a superposition of two mass eigenstates
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New Astrophysical Sources

The long distance travelled by astrophysical neutrinos and its energies has open the possibility to explore other BSM
scenarios




Point Sources

The most significant source observed by IceCube is NGC 1068 with a significance of 4.2¢

" " " " . _ 10g10 (plocal)
* The analysis is optimized for searching tracks | — e
from the Northern Hemisphere 1 Backgrond ¢ Data

* The analysis assumes a single power law

finding a preference for y = 3.2 = 0.2 and an

excess of 7933 events

dec. [deg]

41.2 41.0 40.8 40.6 404 40.- 02 [deg?]
* Most of the events have energies between ra. [deg]

1.5TeV and 15TeV

Abbasi et al. (IceCube) Science 378,
538 (2022)




Point Sources

Beyond NGC 1068, IceCube has identified more candidate sources

These sources contribute no more than

The most significant point sources .
J P ~ 1 % to the total diffuse flux measured.
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Point Sources

In this analysis, we consider the most significant candidate sources observed by lceCube

A dip in the neutrino spectra of several The pseudo-Dirac scenario can be explored with a
sources Will robustly indicate this scenario. high significance by combining several sources.
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Carloni, IMS, Arguelles, Babu, Bhupal, PRD 109 (2024) L051702




Point Sources

In this analysis, we consider the most significant candidate sources observed by lceCube

A dip in the neutrino spectra of several The pseudo-Dirac scenario can be explored with a
sources Will robustly indicate this scenario. high significance by combining several sources.
NGC 1068
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70
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2
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Conclusions

The 3 mixing provide a consistent description of the results

» For 6,5, the precision is 20 % at 30 with a small preference for lower octant (higher octant) combining
1IC24+SK+global fit (global)

e For 5Cp, almost the entire region is allowed to 30, with a preference close to CP-conservation for NO and

maximal CP-violation for 10.

* For the mass ordering, there is almost no preference for ordering until the combination with 1C24 and SK, which
shows a preference for NO.

* No indication of the neutrio mass scale
Even after achieving precise measurements of the neutrino oscillation parameters, fundamental questions will
remain, such as the origin of the neutrino masses

* |In this context, the study of neutrinos from astrophysical sources may provide important insights into the
underlying mechanism.
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NOVA-T2K joint fit
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New Astrophysical Sources

At high energies, neutrino telescopes have revealed new neutrino sources
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