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NO, I0 (IC19 w/o SK-atm) NuFIT 6.0 (2024)
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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 Neutrinos
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Solar Neutrinos: KamLAND

Am?, determined by long-baseline reactor experiments
21 y long P NUFIT 6.0 (2024)
14 B 1 1T 1T 1T 1 1T i
» Baseline ~ 180 km - sin°8,, = 0.0222 -
» U, with E, ~ few MeV 12 - oo —
: /// //—"\\\\\ :
— 10 — / ,/ AN \\ —
11— Ko - ) \\\\\ -
i E gL | A\ _
L0 By —
2 08 A ' > >
o . ~— \ \
= B — — g \ ! —
O — — b6 Il I ) —
S i QU B || [ ' _
2 oo g )
a¥ — — \ N _ :/ ]
TG I [ N A (o I < e L 4 — v’”// —
S — &y T T _ — _
2 04 N -
z i _ _
% i + { 2 e
0.2 __ : | | | O :
_ — 3-v best-fit oscillation —— Data - BG - Geo V, 0 ———-1- S L =
: | | | | | | | | 0.2 0.25 0.3 0.35 0.4
O | I I I I | I I I I | I I I I | I I I | [ ] 2
20 30 40 50 60 70 80 90 100 Sin 91 5
Lo/ Eve (km/MeV) | Esteban, MC Gonzalez-Garcia, M Maltoni,

IMS,JP_Pinheiro, T Schwetz, JHEP 12 (2025)

A. Gando et al. (KamLAND) PRD 88 (2013)



https://arxiv.org/abs/1303.4667
https://arxiv.org/abs/2410.05380
https://arxiv.org/abs/2410.05380

Long-Baseline Accelerators

Neutrinos are generated from pion/kaon decays caused by an accelerated proton beam hitting a target.
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Neutrinos travel ~ 100 Km and have energies £ ~ 1 GeV, making
these experiments sensitive to Am321,sin 053, Ocp
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Long-Baseline Accelerators

Accelerator experiments are sensitive to Am321 and sin” 20,5, searching for yﬂ-disappearance

NuFIT 6.0 (2024
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Long-Baseline Accelerators

Accelerator experiments can search for v ,-appearance
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T2K vs NOVA

The tension between T2K and NOVA over o0-p and NO shifts the LBL
preference toward 10
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NOVA-T2K joint fit

NOVA and T2K have performed a joint fit, showing good agreement with global analysis
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NOVA-T2K joint fit
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L BL+Reactors

Full LBL-reactor combo eases T2K-NOvVA tension NUFIT 6.0 (2024)
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How can atmospheric neutrinos contribute?



Atmospheric Neutrinos

Atmospheric | Astrophysical
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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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Su b—GeV OBE cosl, = —0.85 P—

50}9 — 37‘(‘/2

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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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

 ~ 1km? ice Cherenkov
 The sample is divided into tracks and cascades
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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 6.0 (2024)
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Mass Ordering

solid = IC19, dashed = 1C24 NuFIT 6.0 (2024)
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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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Future Measurements



Super-/Hyper-Kamiokande

In the future, several experiments are going to measure

the atmospheric neutrino flux with high precision
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Neutrino lelescopes

The neutrino telescopes measure the high-energy part of the atmospheric neutrino flux

IceCube ORCA
. .
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lowering the energy threshold to ~1GeV




Systematic uncertainties

The uncertainties on the atmospheric neutrino flux and the cross-section are common to all detectors.

Flux systematics Cross-section systematics
We account for the uncertainties over the Different types of interactions affect the atmospheric
normalization, energy dependence, up/ neutrino interaction due to the large energy range covered
down, v,/ 2 Ulv : :
Systematic | Uncer./Prior
18 CCQE 10%
i ] B CC Total +  T2K, PRD 98, 012004 —
10—1 ] Ut Vi 16 - CC QEtj +  T2K, PRD 93, 072002 M 10%
Lo Ve + U, i CC RES +  T2K, PRD 90, 052010 CCQE e/,u 109%

| 1 C DI SciBooNE, PRD 83, 012005 Y -

7 14 - g ¥ NOMAD, PLB 660, 19 CC1 7 10%
b "T: 19 _ ¢ BNL, PRD 25, 617 CC1i =« Al s 40%
7} : L | CC1 7 v /7, 10%

- + —

5 £ 4! CC1 7 v,/ 10%
= 5 8- Coh. 7 100%
O 10-3 - - 90% of ORCA stats. 8\ 6: Axial Mass 10%
CEQA : ‘ 90% of [C-Up stats. bh - NC hadron 5%
oy 1080% of SK stats. 47 ‘ NC over CC 10%

4 c08(0:en) = —1 2- o N gats Uy 25%
e R s NP e Neutron prod. B
10~ 10" 10! 102 DIS 10%

E v [GCV] Eu [G GV]




Combined analysis: 923 and Am321

Making a combined analysis of SK, HK, IceCube-upgrade | e o
and ORCA we have estimated the sensitivity to 0, 65 and the 0.0030 - TceCube-Upgrade (5 years)
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Combined analysis: mass ordering

The sensitivity to the ordering is dominated by the cascades 12
crossing the core in IC-upgrade and ORCA around the GeV. | ™= Atm. v Combined fit
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Combined analysis: 0,

The sensitivity to 0., is dominated by Super-Kamiokande
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Systematic impact

A detailed analysis of all the systematics is performed. The uncertainties related to the flux have a larger
impact on Op

Flux Cross-section Detector
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Boosting the Sentivity with Inelasticity

The mass ordering and the CP-phase predict a different oscillations between neutrinos and antineutrinos.

* U, CC interaction the energy is devided between tracks and
cascades.

* Neutrinos and antineutrinos divide their energy differently
between the leptonic and the hadronic part differently

OGS (804 X (-
= X))+ J(x) X (1 —
dydx 2r Y
Q(x): Parton Distribution functions
freasc Ribordy and Smirnov, PRD, 87 (2013)
Y = E Giner Olavarrieta, Jin, Arguelles,
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Fernandez, IMS, PRD 110 (2024)
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Boosting the Sentivity with Inelasticity

The reconstructed inelasticity is based on the reconstructed energies of the track and the cascade.

IceCube Upgrade

Reconstructed inelasticity A0
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Boosting the Sentivity with Inelasticity

10 * The inelasticity allows for a 50% increase in sensitivity to the
90 ‘ mass ordering, reaching 8.4¢ in 5 years.
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L ArTPCs

High charge

time 2000

* Excellent capabilities to identify charged particles. |
* Precise measurement of the energy and the direction of
low-energy charged particles
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Induction plane wire

Anderson et al. (ArgoNeuT), JINST 7 (2012)

Accelerator
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L ArTPCs

We simulate neutrino scattering on Argon using Events topologies based on visible protons allows
NuWro event generator. statistical separation of neutrinos and antineutrinos
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Kelly, Machado, IMS, Parke, Perez-Gonzalez, PRL 123 (2019)

R £ = 300 MeV, 1pOm E =1 GeV, 1p0r

Calorimetric reconstruction provides good results
for GeV neutrinos with visible protons
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L ArTPCs

DUNE can exclude ranges of o,,, with more

6., causes a significant deviation in DUNE’s than 3o confidence
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LArTPCs-DNN

Understanding how incoming neutrinos correlate
with final states enhances neutrino reconstruction.

Charge Exchange O

Elastic
Scattering

Pion Production

Alvarez-Ruso et al. (NuUSTEC), Prog.Part.Nucl.Phys. 100 (2018)

Complex correlation between the neutrino and
the final state kinematics

1.0
Ey
Ey
cos 6, 0.5
KP
cos 6
P 0.0
Ky
cos 0,
cos 6, —0.5
cos Oy,
0
cos 0y, 10

Kopp, Machado, MacMahon, IMS, arXiv: 2405.15867



https://arxiv.org/abs/1706.03621
https://arxiv.org/abs/2405.15867

Normalized counts
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LArTPCs-DNN

DNN improves the neutrino energy resolution at all the energies
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LArTPCs-DNN

The improvement obtained by DNN leads to an increase in sensitivity to the oscillation parameters.
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LArTPCs-DNN

I | | I
0.3 Beamv, -
Mismodeling neutrino-nucleus cross-sections reduces :
energy resolution and biases reconstruction 2\ " \ S
<
FJ - _
= 0.2
S
=
S 0.1F
The DNN trained on NuWro has been applied to
events generated with GENIE. 0.0
. 02F
B
|§L§ 0.0F
N N G-NW DNN E,
—0.2C

0 1000 2000 3000 4000 5000
True neutrino energy [MeV]

Kopp, Machado, MacMahon, IMS, arXiv: 2405.15867



https://arxiv.org/abs/2405.15867

BSM



Heavy Sterile Neutrino

To explain the origin of the neutrino masses, the SM can be considered as a low energy effective model

@ =P gl
eff SM A

e At d=5, we have the Weinberg operator

Type-| seesaw: o 1 _
» Introduce right-handed neutrinos L uss D Y,LigNg + —MpNyNp + h . .
* Allow L number violation 2

 Neutrino masses can be smaller than other
« ForMp > > v fermion masses
Viy 12 * Heavy neutrinos can hardly be tested
VTV  There are other scenarios where the Majorana

© M my ~ Mg+ 0 (m,) mass can take smaller values




Heavy Sterile Neutrino

In the presence of NV, the flavor states can be written as a superposition of massive states as

Val, = Uaml/ mL + Ua4N 4L
_—QES —-Db)
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M. Atkinson, P. Coloma, IMS, N. Rocco, IM
Shoemaker, JHEP 04 (2022)



https://arxiv.org/abs/2105.09357
https://arxiv.org/abs/2105.09357

Heavy Sterile Neutrino

In the presence of NV, the flavor states can be written as a superposition of massive states as

We can look for HNLs using double bang signals

v+ N — N, + shower
N, — v + signal

v’ E
V N vhadr. /
> Z;)E/ v Zf:FTi/
Shower ) T e IS &
7 0 500 1000 1500 2000
M4 (MGV)
P Showe f* P Coloma, E. Fernandez-Martinez, M. Gonzalez-Lopez, J.

Hernandez-Garcia, Z. Pavlovic, EPJC 81 (2021)
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Heavy Sterile Neutrino

Several experiments can search for HNLs by looking for a double-bang event topology

2 —6 Fernandez-Martinez, Gonzalez-Lopez, Hernandez-Garcia,
For masses around the GeV scale, U7, < 10 Hostert. Lopez-Pavon. JHEP 09 (2023)
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Transition Magnetic Moment

Active and HNL states may be coupled via a transition dipole moment
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Transition Magnetic Moment

Active and HNL states may be coupled via a transition dipole moment
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Conclusions

Neutrino physics is entering the precision era. Most parameters are known at the percent level, but several
open guestions remain:

e For 8,5, small preference for the lower octant (higher octant), combining IC24+SK+global fit (global)

e For 5Cp, almost the entire region is allowed, with CP-conservation preferred for NO and maximal CP-

violation for |O.
* Mass ordering shows small preference until |IC24+SK is included, which favors NO.

With the next generation of experiments, precise knowledge of the neutrino-nucleon cross-section in a
wide energy range (from ~100 MeV to ~100 GeV) will be essential to probe neutrino oscillation and search
for BSM.

Deep neural networks (DNN) can improve the neutrino reconstruction, leveraging the rich data expected
from the next-generation experiments
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Conclusions

NuFit [1] Valencia [2] Bari [3]
sin ), 0.308*)015 0.318*01¢ 0.303% ;5
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Long-Baseline Accelerators

 Each experiment shows a preference for NO

 The LBL combination leads to a preference
for 10 due to NOvVA T2K tensions
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Long-Baseline Accelerators
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Solar Neutrinos: Day-Night Asymmetry

0.5 - L R
Day-night asymmetry shows a preference for lower Am221 '
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K. Abe et al., PRD 94 (2016) arXiv:1606.07538
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Reactor Flux Uncertainties

Reevaluations of the v, flux determined a

The flux shows an excess at 5 MeV deficit in the experimental data
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* The uncertainties do not affect the determination of the oscillation parameters because they are based on a
near/far comparison
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Super-/Hyper-Kamiokande

Gadolinium (Gd) in water helps Super-Kamiokande tag neutrons and distibguish neutrinos from antineutrinos
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