
Global Update on Three-Flavor 
Neutrino Oscillation Parameters

Iván Martínez Soler

XXIst Rencontres du Vietnam 
Neutrino Physics

July 22, 2025



Ivan Martinez-Soler (IPPP)

In the  scenario, neutrino evolution is described by six 
parameters 
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Reactor Neutrinos

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


 235U( ∼ 56%),238 U( ∼ 8%),238 Pu( ∼ 30%),241 Pu( ∼ 6%)

In reactor experiments, a flux of  is created with energies around the ~ MeV  ν̄e

Double-Chooz, RENO, and Daya Bay 
established that θ13 ≠ 0

S.H. Seo et al. (RENO) PRD 98 (2018) arXiv:1610.04326
4

https://arxiv.org/abs/1610.04326
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Reactor neutrinos:  and θ13 Δm2
ee

The spectral information from reactor experiments 
determines  and  θ13 Δm2

31

Pee ≈ 1 − sin2 2θ13 sin2 Δee

Δm2
ee = cos2 θ12Δm2

31 + sin2 θ12Δm2
32

• Near detector imposes an upper bound over 


• The oscillation measured at the far detector imposes a 
lower bound on  and 

Δm2
31

θ13 Δm2
31

K. Luk (DayaBay) Neutrino 2022
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https://indico.kps.or.kr/event/30/contributions/868/attachments/160/343/Kam-Biu%20Luk.pdf


Survival probability for neutrinos from dense solar regions

P2ν
eff(Δm2

21, θ12) =
1
2

(1 + cos θm
12 cos θ12)

Sensitivity to  is dominant, while  is probe throught matter effectsθ12 Δm2
21

The constraint over  are 
mainly driven by SK+SNO

θ12

Maltoni and Smirnov, EPJA 52 (2016) arXiv:1507.05287
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Solar neutrinos are produced by nuclear fusions reactions

6

Solar Sector:  and  θ12 Δm2
21

https://arxiv.org/abs/1507.05287
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A. Gando et al. (KamLAND) PRD 88 (2013)
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Tension in the determination of  between reactor and 
solar experiments

Δm2
21

Solar Sector:  and  θ12 Δm2
21

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

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.

T2K NOvA
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T2K runs 1-10

Neutrinos travel  Km and have energies  GeV, making 
these experiments sensitive to ,

∼ 100 E ∼ 1
Δm2

31 sin θ23, δCP

Abe et al., (T2K) PRD 108 (2023) arXiv:2305.09916
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https://arxiv.org/pdf/2305.09916


LBL: Δm2
31 and sin 2θ23

Accelerator experiments are sensitive to  and , searching for -disappearanceΔm2
31 sin2 2θ23 νμ

Pμμ ≃ 1 − sin2 2θμμ sin2
Δm2

μμL
4E

It can discriminate whether  is maximal or notθ23
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I Esteban, MC Gonzalez-Garcia, M Maltoni, 
IMS,JP Pinheiro, T Schwetz, JHEP 12 (2025)

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


Accelerator experiments can search for -appearanceνe
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Preference for the higher-octant and IO

10

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

Pνμ→νe
≈ 4 sin2 θ13 sin2 θ23(1 + 2oA) − C sin δcp(1 + oA)

Ordering CP-violationOctant θ23

LBL: δCP , sin θ23 and Ordering

https://arxiv.org/abs/2410.05380
https://arxiv.org/abs/2410.05380
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Long-Baseline Accelerators

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

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 

Jeremy Wolcott (Neutrino 2024)No correlation between the flux, detector and cross-section
Zoya Vallari ( Joint Experimental-Theoretical 

Physics Seminar, Fermilab, 2024)

Ivan Martinez-Soler (IPPP) 12

https://agenda.infn.it/event/37867/contributions/233955/attachments/121832/177712/2024-06-17%20Wolcott%20NOvA%202024%20results%20-%20NEUTRINO.pdf
https://indico.fnal.gov/event/62062/contributions/279004/attachments/175258/237774/021624_NOvAT2K_JointFitResults_ZV.pdf
https://indico.fnal.gov/event/62062/contributions/279004/attachments/175258/237774/021624_NOvAT2K_JointFitResults_ZV.pdf


NOvA-T2K joint fit

Zoya Vallari ( Joint Experimental-Theoretical Physics Seminar, Fermilab, 2024)

• Several cross-section models were 
explored, along with their impact on 
potential correlations


• The uncorrelated and correlated 
models agree with negligible differences.

Ivan Martinez-Soler (IPPP) 13

https://indico.fnal.gov/event/62062/contributions/279004/attachments/175258/237774/021624_NOvAT2K_JointFitResults_ZV.pdf


LBL+Reactors

• Combining LBL( ) and reactors ( ) 
strengthens NO preference
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Nunokawa, Parke, Funchal, PRD 72(2005) arXiv: hep-ph/0503283

Full LBL-reactor combo eases T2K-NOvA tension
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Δeμ = (Δm2
ee − Δm2

μμ)/Δm2

14

I Esteban, MC Gonzalez-Garcia, M Maltoni, 
IMS,JP Pinheiro, T Schwetz, JHEP 12 (2025)
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RR+LBL

https://arxiv.org/abs/hep-ph/0503283
https://arxiv.org/abs/2410.05380
https://arxiv.org/abs/2410.05380


How can atmospheric neutrinos contribute?
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Atmospheric neutrinos are created in the collision of 
cosmic rays with the atmospheric nuclei

E. Richard et al. (SK), Phys.Rev.D 
94 (2016) 5, 052001
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Atmospheric 
neutrinos

Astrophysical 
neutrinos
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Atmospheric Neutrinos



Matter effects play a crucial role in the evolution of atmospheric neutrinos
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Neutrino Evolution in Matter

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.17.2369
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P(νμ → νe) ≠ P(νe → νμ)

For atmospheric neutrinos, both fluxes are sensitive to 


• In the case of , the CPT conservation implies 


• The impact of  depends mainly on the neutrino direction


•    contribute to measuring the phase via    

δCP

δcp ≠ 0

δcp

Pμμ cos δCP
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Sub-GeV

https://arxiv.org/pdf/hep-ph/0204171
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At the GeV scale, trajectories crossing the mantle 
experience a resonance, making neutrinos sensitive to 
the mass ordering:
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Multi-GeV

In the multi-GeV region, neutrino evolution is dominated by 
 and Δm2

31 sin2 θ23

Δm2
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Several experiments have measured the atmospheric neutrino flux, with SK starting from the sub-GeV scale.

Super-Kamiokande (SK) 

• 22.5 kton water Cherenkov

• Small sample at multi-GeV due to the volume

• The event sample is divided in FC, PC and Up-μ

20

Abe et al. (Super-Kamiokande), PRD 97 (2018)

Wester et al. (Super-Kamiokande), arXiv: 2311.05105

Super-Kamiokande

https://arxiv.org/abs/1710.09126
https://arxiv.org/abs/2311.05105
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The neutrino telescopes measure the atmospheric neutrino flux from the multi-GeV scale

•  ice Cherenkov

• The sample is divided into tracks and cascades


∼ 1km3
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Abbasi et al. (IceCube), PRD 108 (2023)                                            
Abbasi et al. (IceCube), arXiv: 2405.02163 

Wilks'

IceCube

https://arxiv.org/abs/2304.12236
https://arxiv.org/abs/2405.02163
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The total expected volume is 7 Mt, with events classified 
into high-purity tracks, low-purity tracks, and showers 

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

Carretero et al. (KM3NeT), PoS ICRC2023            
Aiello (KM3NeT), EPJC 82, 26 (2022)

ORCA

https://pos.sissa.it/444/996
https://arxiv.org/abs/2103.09885
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Atmospheric Mass-Squared Splitting

Combining different datasets results in significant synergy, as 
the global regions are smaller than the individual ones.
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• Colored regions: LBL+IC19

• Black-dashed: LBL+IC24+SK

• Good agreement with reactor experiments

• Preference for the higher octant ( ) sin2 θ23 = 0.561
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I Esteban, MC Gonzalez-Garcia, M Maltoni, 
IMS,JP Pinheiro, T Schwetz, JHEP 12 (2025)

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

• Combining IC24+Reactors, we get a 
preference for  NO of 


• Super-Kamiokande alone shows a 
preference for NO of  


• Combining IC+SK+global fit results 
in a preference for NO of 

Δχ2 ∼ 4.5

Δχ2 ∼ 4.5

Δχ2 ∼ 6.1

24

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

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


JCP = Im[UαiU*αjU*βiUβj]

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

= Jmax
CP sin δCP

CP-conservation is margnizaly disfavored
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I Esteban, MC Gonzalez-Garcia, M Maltoni, 
IMS,JP Pinheiro, T Schwetz, JHEP 12 (2025)
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Neutrino Mass Scale
Additional information is needed to measure the absolute neutrino mass scale

Cosmology Beta decay (KATRIN) 0νββ

Ivan Martinez-Soler (IPPP)

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

https://arxiv.org/abs/2410.05380
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Conclusions
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The 3  mixing provide a consistent description of the results


• For , the precision is  at   with a small preference for lower 
octant (higher octant) combining IC24+SK+global fit (global)


• For , almost the entire region is allowed to , with a preference 
close to CP-conservation for NO and maximal CP-violation for IO.


• For the mass ordering, there is almost no preference for ordering until 
the combination with IC24 and SK, which shows a preference for NO.


• No indication of the neutrio mass scale

ν

θ23 20 % 3σ

δcp 3σ



Thanks!
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