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Introduction

The Standard Model is a gauge theory based on

SU(3)C × SU(2)L × U(1)Y

and three fermion generations
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with no νR =⇒ lepton flavours are accidentally conserved and mν = 0mν = 0mν = 0.
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Introduction

We have observed neutrino flavour changes:
Atmospheric νµ & ν̄µ disappear, most likely to ντ (SK, MINOS, ICECUBE).

Accelerator νµ & ν̄µ disappear at L ∼ 300/800 km (K2K, T2K, MINOS, NOνA).

Some accelerator νµ & ν̄µ appear as νe at L ∼ 300/800 km (T2K, MINOS, NOνA).

Some accelerator νµ appear as ντ at L ∼ 300/800 km (OPERA).

Solar νe convert to νµ & ντ (Cl, Ga, SK, SNO, Borexino).

Reactor ν̄e disappear at L ∼ 200 km (KamLAND).

Reactor ν̄e 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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Introduction

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

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

Atmospheric ν in SK

Reconstructed neutrino energy (GeV)
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FIG. 2: Allowed region for neutrino oscillation parametersfrom
KamLAND and solar neutrino experiments. The side-panels show
the ∆χ2-profiles for KamLAND (dashed) and solar experiments
(dotted) individually, as well as the combination of the two(solid).

rameters using the KamLAND and solar data. There is a
strong anti-correlation between the U and Th-decay chain
geo-neutrinos and an unconstrained fit of the individual con-
tributions does not give meaningful results. Fixing the Th/U
mass ratio to 3.9 from planetary data [18], we obtain a
combined U+Th best-fit value of (4.4±1.6)×106 cm−2s−1

(73±27 events), in agreement with the reference model.
The KamLAND data, together with the solarν data, set an

upper limit of 6.2 TW (90% C.L.) for aνe reactor source at
the Earth’s center [19], assuming that the reactor producesa
spectrum identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,
including the subtraction of geo-neutrinos, to no-oscillation
expectation is plotted in Fig. 3 as a function of L0/E. The
spectrum indicates almost two cycles of the periodic feature
expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,
providing the most precise value of∆m2

21 to date and im-
proving the precision oftan2 θ12 in combination with solarν
data. The indication of an excess of low-energy anti-neutrinos
consistent with an interpretation as geo-neutrinos persists.

The KamLAND experiment is supported by the Japanese
Ministry of Education, Culture, Sports, Science and Technol-
ogy, and under the United States Department of Energy Office
grant DEFG03-00ER41138 and other DOE grants to individ-
ual institutions. The reactor data are provided by courtesyof
the following electric associations in Japan: Hokkaido, To-
hoku, Tokyo, Hokuriku, Chubu, Kansai, Chugoku, Shikoku
and Kyushu Electric Power Companies, Japan Atomic Power
Co. and Japan Nuclear Cycle Development Institute. The
Kamioka Mining and Smelting Company has provided ser-
vice for activities in the mine.

 (km/MeV)
eν/E0L

20 30 40 50 60 70 80 90 100

S
ur

vi
va

l P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1

eνData - BG - Geo 
Expectation based on osci. parameters

determined by KamLAND

FIG. 3: Ratio of the background and geo-neutrino-subtracted νe

spectrum to the expectation for no-oscillation as a function of
L0/E. L0 is the effective baseline taken as a flux-weighted aver-
age (L0 = 180 km). The energy bins are equal probability bins of the
best-fit including all backgrounds (see Fig. 1). The histogram and
curve show the expectation accounting for the distances to the indi-
vidual reactors, time-dependent flux variations and efficiencies. The
error bars are statistical only and do not include, for example, corre-
lated systematic uncertainties in the energy scale.
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comparison of the observation with the effective oscillation model given in Eq. 2. The result
gave the most precise values for both sin2 2θ13 and ∆m2

32.
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Figure 7: Confidence intervals for
sin22θ13 and |∆m2

ee| from comparison of
the ν̄e rate and prompt positron spectra
observed in the far versus near detectors.
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Figure 8: The measured reactor ν̄e
spectra distortion, displayed as the

oscillation survival probability versus
Le f f/〈Eν〉.

The measured ν̄e spectra distortion was also displayed as the oscillation probability versus
Le f f/〈Eν〉, as shown in Fig. 8. The effective propagation distance Le f f was estimated for each
hall based on the baselines and ν̄e contributions of reactors. The averaged true ν̄e energy (〈Eν〉)
was determined for each bin in the observed prompt positron spectrum based on the energy
response model. The measured ν̄e survival probability covers nearly one full oscillation cycle,
demonstrating distinct evidence in support of neutrino flavor oscillations.

3.2. Measurement of reactor ν̄e flux and spectrum
With 621 days data, the reactor ν̄e flux and spectrum were measured. After correcting the

detection efficiency and ν̄e oscillation probability, the measured IBD yield was (1.55 ± 0.03) ×
10−18 cm2/GW/day. The ratio of measured flux to the Huber+Mueller model [6][7] predictions
was 0.946±0.020, consistent to the global average of previous short baseline experiments.

The predicted and measured spectra were also compared, as shown in Fig. 9, and a
discrepancy of 2.9σ was found. An excess of events was found in the 4-6MeV region, with
a local significance of 4.4σ. Detailed investigations, including energy response model, potential
backgrounds, characteristic distributions of events in the region, revealed possible problems that
the origin of the discrepancy is from the reactor antineutrino flux predictions.

3.3. Search for a light sterile neutrino
The three-flavor neutrino oscillation framework is successful in explaining most of the

experimental results, however, possible existence of additional neutrinos is under active
considerations, which is called sterile neutrino. In the simplest extension of the Standard
Model, where only one sterile neutrino is considered, the mixing matrix is expanded to 4×4.
The majority of experimental searches have centered on mass-squared differences around 1 eV2

and higher, whereas Daya Bay and other medium baseline reactor antineutrino experiments can
make unique contributions in the sub-eV scale.

The search for sterile neutrino mixing at Daya Bay was carried out through a relative
comparison of the antineutrino rates and energy spectra at the three experimental halls. The
unique configuration of multiple baselines allowed exploration of ∆m2

41 spanning more than
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Atmospheric ν in SK

Reconstructed neutrino energy (GeV)
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FIG. 2: Allowed region for neutrino oscillation parametersfrom
KamLAND and solar neutrino experiments. The side-panels show
the ∆χ2-profiles for KamLAND (dashed) and solar experiments
(dotted) individually, as well as the combination of the two(solid).

rameters using the KamLAND and solar data. There is a
strong anti-correlation between the U and Th-decay chain
geo-neutrinos and an unconstrained fit of the individual con-
tributions does not give meaningful results. Fixing the Th/U
mass ratio to 3.9 from planetary data [18], we obtain a
combined U+Th best-fit value of (4.4±1.6)×106 cm−2s−1

(73±27 events), in agreement with the reference model.
The KamLAND data, together with the solarν data, set an

upper limit of 6.2 TW (90% C.L.) for aνe reactor source at
the Earth’s center [19], assuming that the reactor producesa
spectrum identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,
including the subtraction of geo-neutrinos, to no-oscillation
expectation is plotted in Fig. 3 as a function of L0/E. The
spectrum indicates almost two cycles of the periodic feature
expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,
providing the most precise value of∆m2

21 to date and im-
proving the precision oftan2 θ12 in combination with solarν
data. The indication of an excess of low-energy anti-neutrinos
consistent with an interpretation as geo-neutrinos persists.

The KamLAND experiment is supported by the Japanese
Ministry of Education, Culture, Sports, Science and Technol-
ogy, and under the United States Department of Energy Office
grant DEFG03-00ER41138 and other DOE grants to individ-
ual institutions. The reactor data are provided by courtesyof
the following electric associations in Japan: Hokkaido, To-
hoku, Tokyo, Hokuriku, Chubu, Kansai, Chugoku, Shikoku
and Kyushu Electric Power Companies, Japan Atomic Power
Co. and Japan Nuclear Cycle Development Institute. The
Kamioka Mining and Smelting Company has provided ser-
vice for activities in the mine.
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FIG. 3: Ratio of the background and geo-neutrino-subtracted νe

spectrum to the expectation for no-oscillation as a function of
L0/E. L0 is the effective baseline taken as a flux-weighted aver-
age (L0 = 180 km). The energy bins are equal probability bins of the
best-fit including all backgrounds (see Fig. 1). The histogram and
curve show the expectation accounting for the distances to the indi-
vidual reactors, time-dependent flux variations and efficiencies. The
error bars are statistical only and do not include, for example, corre-
lated systematic uncertainties in the energy scale.
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The measured ν̄e spectra distortion was also displayed as the oscillation probability versus
Le f f/〈Eν〉, as shown in Fig. 8. The effective propagation distance Le f f was estimated for each
hall based on the baselines and ν̄e contributions of reactors. The averaged true ν̄e energy (〈Eν〉)
was determined for each bin in the observed prompt positron spectrum based on the energy
response model. The measured ν̄e survival probability covers nearly one full oscillation cycle,
demonstrating distinct evidence in support of neutrino flavor oscillations.

3.2. Measurement of reactor ν̄e flux and spectrum
With 621 days data, the reactor ν̄e flux and spectrum were measured. After correcting the

detection efficiency and ν̄e oscillation probability, the measured IBD yield was (1.55 ± 0.03) ×
10−18 cm2/GW/day. The ratio of measured flux to the Huber+Mueller model [6][7] predictions
was 0.946±0.020, consistent to the global average of previous short baseline experiments.

The predicted and measured spectra were also compared, as shown in Fig. 9, and a
discrepancy of 2.9σ was found. An excess of events was found in the 4-6MeV region, with
a local significance of 4.4σ. Detailed investigations, including energy response model, potential
backgrounds, characteristic distributions of events in the region, revealed possible problems that
the origin of the discrepancy is from the reactor antineutrino flux predictions.

3.3. Search for a light sterile neutrino
The three-flavor neutrino oscillation framework is successful in explaining most of the

experimental results, however, possible existence of additional neutrinos is under active
considerations, which is called sterile neutrino. In the simplest extension of the Standard
Model, where only one sterile neutrino is considered, the mixing matrix is expanded to 4×4.
The majority of experimental searches have centered on mass-squared differences around 1 eV2

and higher, whereas Daya Bay and other medium baseline reactor antineutrino experiments can
make unique contributions in the sub-eV scale.

The search for sterile neutrino mixing at Daya Bay was carried out through a relative
comparison of the antineutrino rates and energy spectra at the three experimental halls. The
unique configuration of multiple baselines allowed exploration of ∆m2
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We are now measuring three-neutrino effects,
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∝ Jlep =c12c23c2
13s12s23s13 sin δCP =

(0.0333 ± 0.0006) sin δCP

which also assess the global consistency of the framework.
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1-2 sector

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

Solar neutrino
modeling updated
Modern methodology, in
agreement with
helioseismology (Magg et al,
2203.02255)

SNO+ data!

Ivan Esteban, University of the Basque Country, ivan.esteban@ehu.eus.
See arXiv:2410.05380 [JHEP 12(2025) 216]
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2-3 sector

We can determine ∆m2
3ℓ in

LBL, through νµ → νµ

Pµµ ≃ 1 − sin2 2θ23 sin2

(
∆m2

µµL
4E

)

∆m2
µµ ≃ ∆m2

3ℓ+
{

− cos2 θ12∆m2
21 for NO

sin2 θ12∆m2
21 for IO

Reactors, through ν̄e → ν̄e

Pee ≃ 1 − sin2 2θ13 sin2
(

∆m2
eeL

4E

)

∆m2
ee ≃ ∆m2

3ℓ +
{

− sin2 θ12∆m2
21 for NO

cos2 θ12∆m2
21 for IO

Petcov, Piai, hep-ph/0112074 (2002)
Choubey, Petcov, Piai, hep-ph/0306017 (2003)
Nunokawa, Parke, Zukanovich-Funchal,
hep-ph/0503283 (2005)

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

P(νµ → νe) = sin2 θ23 sin2 2θ13
sin2 ∆31(1 − A)

(1 − A)2

+
∆21
∆31

8Jmax
lep cos(∆31 + δCP)

sin ∆31A
A

sin ∆31(1 − A)
(1 − A)

+ O
(∆21

∆31

)2

∆ij =
∆m2

ij L
4E

(∆31 ∼ 1, ∆21 ∼ 10−2)

A = 2
√

2GF ne
E

∆m2
31

Jmax
lep =

1
8

c2
13s13c12s12c23s23

Strongly correlated: we need as much data and independent
determinations as possible!

Ivan Esteban, University of the Basque Country, ivan.esteban@ehu.eus.
See arXiv:2410.05380 [JHEP 12(2025) 216]
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3ν effects
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Observed ±1σ

NO, sin2 θ23 ∈ [0.44, 0.58]

IO, sin2 θ23 ∈ [0.44, 0.58]

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

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

Can we claim that the 3ν framework does not consistently explain all data?
Do we need additional New Physics?

M. Maltoni and T. Schwetz,“Testing the statistical compatibility of independent data sets,” Phys. Rev. D 68, 033020

(2003) arXiv:hep-ph/0304176.

T2K vs NOνA, NO: 2σ (p ∼ 0.045)
Reactors vs (T2K+NOνA), IO: 1.4σ (p ∼ 0.16)

At most 2σ. But there’s many other data combinations (see the paper)

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

For atmospheric neutrinos, we do not have enough information to
reproduce the analysis. We have to use χ2 tables.

Super-K (arXiv:2311.05105): ∼ 2σ rejection of IO.
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But data is not particularly
compatible with NO either

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

15/17 Atmospheric neutrino samples, and more on the mass ordering



3ν effects

For atmospheric neutrinos, we do not have enough information to
reproduce the analysis. We have to use χ2 tables.

Super-K (arXiv:2311.05105): ∼ 2σ rejection of IO.
IceCube (arXiv:2405.02163): the determination of ∆m2

32 adds up
to the reactor-LBL synergy

With both tables, NO is preferred with ∼ 2.5σ.

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

15/17 Atmospheric neutrino samples, and more on the mass ordering



3ν effects

The mass ordering is relevant for absolute neutrino mass searches.

0νββ: depending on nuclear matrix elements,
mee ≲ 0.08–0.18 eV (Ge, GERDA, 2009.06079)
mee ≲ 0.028–0.12 eV (Xe, KamLAND-Zen, 2406.11438)

Cosmology: depending on datasets and
modeling, ∑mν ≲ 0.04–0.3 eV.

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

We are currently testing and overconstraining the 3ν paradigm.
Either a robust understanding of Nature or a surprise awaits!
Most parameters are determined within ∼ 5%.
A reactors + LBL tension in ∆m2

3ℓ within IO gives a ∼ 2σ preference for NO.
A NOνA + T2K tension in δCP within NO gives a ∼ 2σ preference for IO.
The global analysis is at the maximal confusion level, with 1σ–2σ 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 IO, maximal CP violation.
• No clear preference for θ23 octant.

Stay tuned!
Thanks to the rest of the NuFIT collaboration: M.C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, J.
P. Pinheiro, T. Schwetz. And thanks to the great work by the experimental collaborations!

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