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Three-Neutrino phenomenology 
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✓ 3 mixing angles: θ12, θ23, θ13  

✓ 3 CP phases: 1 Dirac + 2 Majorana 

✓ 3 masses: m1, m2, m3  

neutrino mass spectrum

neutrino mixing
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 ⇒ absolute neutrino mass: m0

⇒ two mass splittings:

The three-flavour ν picture
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Solar neutrinos Atmospheric neutrinos

Reactor neutrinos Accelerator neutrinos

Neutrino oscillations
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Solar sector: θ12, Δm2
21 Atmospheric sector: θ23, Δm2

31

Reactor sector (SBL): θ13, Δm2
31 Accelerator sector: θ23, Δm2

31

Neutrino oscillations

Pαβ = sin2 2θ sin2 ( Δm2L
4E )
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Solar sector: θ12, θ13, Δm2
21 Atmospheric sector: θ23, θ13, Δm2

31, δ

Accelerator sector: θ23, θ13, Δm2
31, δ

Neutrino oscillations

Reactor sector (SBL): θ13, Δm2
31 
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solar + LBL reacSBL reac + accel

Maximal 
sensitivity at 

Δm2
ijL

4E
∼

π
2

= 1.27
Δm2

ij[eV2] L[km]
E[GeV ]

(νμ→ντ) 
(νe→νx  and νμ→νe) (νe→νx ) 

atmos + accel

Three-neutrino oscillations
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M Rayner, CERN Courier, 2020

https://cerncourier.com/wp-content/uploads/2020/07/CCJulAug20_NEUTRINOS_natural.jpg
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Three-neutrino oscillation parameters

Denton et al, Snowmass Neutrino Frontier: NF01 Report [arXiv:2212.00809]

 measured parameters:  
   θ12, θ23, θ13, Δm2

21, |Δm2
31|

unknown quantities: 
  sign(Δm2

31), θ23-octant, δCP
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Global fit to ν oscillation parameters

 Δ𝛘2(IO-NO) =  7.7
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2.7 %

0.9 %

5.4%

2.5%

relative 1σ uncert

Global fit to ν oscillation parameters

octant?

mass 
ordering?

maximal  CP  
violation??

4.8%

10-18%
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Cl, Ga, Super-K 

 SNO, Borexino

KamLAND

12

Neutrino oscillations

Solar sector: θ12, θ13, Δm221
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Solar experiments have measured neutrino disappearance for ∼ 50 years 

different experimental techniques
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sin2θ12 = 0.304 ± 0.016

Δm221 = (7.55 ± 0.21) x 10-5 eV20.2 0.3 0.4
sin2 q12
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KamLAND AAG21

MB22m

The solar sector

✦ θ12 measurement dominated 

by solar neutrino data 

✦ Δm2
21  is better measured 

by KamLAND. 

✦ 2σ mismatch between the 

values of Δm2
21 measured by 

solar and KamLAND 
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Daya Bay
RENO

Reactor sector: θ13, Δm231 

Double Chooz

15

Neutrino oscillations
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Production: fission processes in 
nuclear reactors Detection: inverse beta decay

16

1 GW reactor: more than 1020 antineutrinos/s

Reactor neutrinos
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Several 

reactor cores

Several 

detectors

L ~1 km: θ13, Δm231  

→ sensitive to |Δm231| ∼ few 10-3 eV2 oscillations in vacuum

SBL reactor experiments
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2 reactors + 1 ND + 1 FD (10 ton) 6 reactors + 4 ND + 4FD  (20 ton) 6 reactors + 1 ND + 1 FD (16 ton)

SBL reactor experiments
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19

sin2θ13 = 0.0221 ± 0.0006 

|Δm231| = (2.56 ± 0.05) x 10-3 eV2

✦ Double Chooz first measured  

θ13 but now its precision is not 

comparable. 

✦Precision dominated by 

RENO and Daya Bay.

The reactor sector
<latexit sha1_base64="GqY9SH1UaIW5VGtuiULDhKXsORY="></latexit>
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Super-K

IceCube

ANTARES

20

Atmospheric sector: θ23, θ13, Δm231, δ

Neutrino oscillations

KM3NeT
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Super-Kamiokande detects atmospheric neutrinos since 1996. 
Neutrino oscillations discovery in 1998

The atmospheric sector

νμ

νe

→ very good sensitivity to θ23 and Δm232 

SK Collab, PRD 109 (2024) 072014
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IceCube detects atmospheric neutrinos using 1 km3 of 
ice as detector at the South Pole

The atmospheric sector

→ more precise than Super-Kamiokande 

IceCube Collab, arXiv:2405.02163
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ANTARES observed atmospheric  neutrinos at the 
Mediterranean Sea

→ results in agreement with oscillations in the channel  νμ →ντ

The atmospheric sector
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T2K

NOνA

MINOS

24

Accelerator sector: θ23, θ13, Δm231, δ

Neutrino oscillations
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MINOS
T2K

NOvA

✦ Designed to check the atmospheric neutrino oscillation channel 

✦ L/E ~500 km/GeV to be sensitive to Δm2
31 ∼ few 10-3 eV2 

✦ Combine near detector + far detector

The accelerator sector

→ results consistent with atmospheric data

→ sensitive to νμ→νμ  and νμ→νe
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The accelerator sector

νμ and νμ disappearance

→ only sensitive to sin22θ23 and |Δm232|

νe and νe appearance

→ Sensitivity to δCP, the mass ordering (sign A) and the 
octant of θ23 

32

(in matter)
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(sin2θ23 - Δm2
31) regions from individual experiments
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✦ Great agreement among all the experiments 

✦  Best sensitivity obtained at T2K (closely followed by NOvA and DeepCore) 

✦  IC-DeepCore starts being competitive with LBL accelerator experiments

Atmospheric & accelerator sector

Δm231 = (2.55 ± 0.03) x 10-3 eV2

sin2θ23 = 0.574 ± 0.014 
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Global fit to ν oscillation parameters

octan
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Global fit to ν oscillation parameters

 Δ𝛘2(IO-NO) =  7.7

sign?
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JUNO reactor experiment

L ~50 km: 

θ12, Δm221, θ13, Δm231 
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V. Cerrone @ NOW 2024

✦ 3𝜎 sensitivity in ∼7 years of data

➤ precision and mass ordering

JUNO reactor experiment
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ARCA

ORCA

h = 700m 
r = 500 m

h = 200 m 
r = 100 m

(230 DU)

(115 DU)

KM3NeT: two underwater neutrino telescopes at the Mediterranean, 
ARCA (astrophysical neutrinos) and ORCA (atmosp. neutrinos)

32

Digital Optical 
Module


31×3” PMTs

KM3NeT-ORCA 

18 DOM per 
DU
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JUNO + atmospheric experiments

A. Terliuk @ NOW 2024

IceCube Upgrade + JUNO

✦ Up to 3σ sensitivity to neutrino 
mass ordering (5σ with JUNO)

P. Migliozzi @ NOW 2024

ORCA + JUNO

✦  4-6σ sensitivity to neutrino MO by 
2030 (below 3σ with JUNO only)
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Global fit to ν oscillation parameters

maxi
mal?
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-

Observation of the appearance channels  in atmospheric 

and accelerator experiments and allows to measure the  

νμ → νe

δCP

 Super-Kamiokande observes a 

νe excess in agrement with 

maximal CP phase δCP ∼ 3π/2

SK Collab, PRD 109 (2024) 072014
A. Booth, 2024

T2K prefers also 

δCP ∼ 3π/2

NOvA results 

depend on mass 

ordering

Next generation 
experiments: 

DUNE, Hyper-K

The CP phase
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✦ 1.2 MW wide-band beam from FNAL to 

SURF (1300km) 

✦ 4x10 kt Liquid Argon TPCs  

✦ capability to probe 2nd oscillation max 

✦ great sensitivity to mass ordering

✦ 188 kton water Cerenkov 

✦ T2HK: great sensitivity to δCP 

✦ T2HKK (1100km) will have 

similar sensitivities as DUNE

DUNE

Hyper-Kamiokande

Next generation of ν experiments
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DUNE

 Ultimate 
precision in 
δCP:  6-16º

C
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✦ Best-case oscillation scenarios: 

 >5σ mass ordering sensitivity in 1 year 
 >3σ CPV sensitivity in 3.5 years

✦Worst-case oscillation scenarios: 

>5σ mass ordering sensitivity in 3 years 
+10yr: CPV over 75%of δCP values at >3σ

Next generation of ν experiments
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Hyper-Kamiokande S. Moriyama @ Neutrino’24

✦ >5σ CPV discovery for >60% of δCP 

✦ 1σ resolution of δCP in 10 yrs: 

~20° (~6°) for δCP = −90° (0°)

✦  >5σ sensitivity to mass 

ordering for all values of 

θ23 for NO

Next generation of ν experiments
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✦ From oscillations we know that (at least 2) neutrinos do have mass!!

✦ What about the absolute mass scale? Do we have information?

From oscillations:
<latexit sha1_base64="v9gD3sVAqLGDUx8jQ1mtV9eguGM="></latexit>
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Neutrino masses
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m⌫ |IO & 0.1 eV

Neutrino oscillations
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m⌫ |NO & 0.06 eV

Direct constraints

✦  new world-best direct 
neutrino mass constraint 

from KATRIN:

mβ < 0.45 eV (90% CL)

C. Wiesinger @ ICHEP 2024
M. Archidiacono @ Neutrino 2024

Σ mν < 0.072 eV (95% CL)*

* Relaxed to Σ mν < 0.11 eV (Naredo-Tuero, arXiv:2407.13831)

Cosmological constraints

Neutrino mass scale
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Neutrino physics beyond the Standard Model 
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✦ Neutrino results suggest the presence of physics BSM to explain:

✦ Many different BSM scenarios analyzed in the literature:

 Beyond the 3-neutrino scenario

✓ light neutrino masses (mass generation mechanism) 

✓ large neutrino mixing compared to quark sector (flavour problem) 

✓ short-distance anomalies (LSND, reactor and Ga anomalies)

✓ presence of light sterile neutrinos  

✓ mixing with heavy sterile neutrinos: non-unitary neutrino mixing 

✓neutrino non-standard interactions (NSI) with matter 

✓ exotic neutrino electromagnetic properties

 ⇒ the presence of new physics may affect our current description of 

3-nu oscillations as well as the future measurements
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Sterile neutrinos

✦ sterile neutrino = singlet fermion of the Standard Model

✦ neutrino oscillation anomalies (m ∼ eV)

Motivations: sterile neutrinos can explain...

✦ small neutrino masses (seesaw mechanism, m > TeV-MPlanck)

✦ baryon asymmetry of the universe (leptogenesis, m>> 1 GeV)

→ it has no interactions (exceptions: Higgs, mixing and physics BSM)

✦ (part of) the dark matter of the universe.
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νe

Anomalies in neutrino experiments with very short 
baselines source-detector (10-100 m)

45

Explained with neutrino oscillations with Δm2∼1 eV2 in the channels: 
<latexit sha1_base64="fBv/e/WBQX5nG2xzpcPfd/7QhOk=">AAACCHicbVC9TsMwGHTKXyl/AUYWi6oSU5WgChgrWBiLRH+kJooc92tr1XEi20FUUV8AXgYmBGzMvABvg1MyQMtN57v7JN+FCWdKO86XVVpZXVvfKG9WtrZ3dvfs/YOOilNJoU1jHsteSBRwJqCtmebQSySQKOTQDSdXud+9A6lYLG71NAE/IiPBhowSbaTArnmxsfPrzBPpLADs6RgviPeBXXXqzhx4mbgFqaICrcD+9AYxTSMQmnKiVN91Eu1nRGpGOcwqXqogIXRCRtA3VJAIlJ/N68xwbRhLrMeA5+/f2YxESk2j0GQiosdq0cvF/7x+qocXfsZEkmoQ1ESMN0w5Nl3zVfCASaCaTw0hVDLzS0zHRBKqzXYVU99dLLtMOqd196zeuGlUm5fFEGV0hI7RCXLROWqia9RCbUTRI3pGb+jderCerBfr9SdasoqbQ/QH1sc3VVWaww==</latexit>

⌫e ! ⌫x
<latexit sha1_base64="QsDCUSaDw62CkqYLpBLpTKwWH64=">AAACCnicbVC9TsMwGHT4LeUvwMhiUSGYqgRVwFjBwlgk+iM1UeS4X1qrdhLZDlIV9Q3gZWBCwMbIC/A2OCUDtNx0vrtP8l2Ycqa043xZS8srq2vrlY3q5tb2zq69t99RSSYptGnCE9kLiQLOYmhrpjn0UglEhBy64fi68Lv3IBVL4js9ScEXZBiziFGijRTYJ15i7OI69+JsGngiw55O8JwMgV1z6s4MeJG4JamhEq3A/vQGCc0ExJpyolTfdVLt50RqRjlMq16mICV0TIbQNzQmApSfzwpN8XGUSKxHgGfv39mcCKUmIjQZQfRIzXuF+J/Xz3R06ecsTjMNMTUR40UZx6ZrsQseMAlU84khhEpmfonpiEhCtVmvauq782UXSees7p7XG7eNWvOqHKKCDtEROkUuukBNdINaqI0oekTP6A29Ww/Wk/Vivf5El6zy5gD9gfXxDecCm50=</latexit>

⌫µ ! ⌫e
<latexit sha1_base64="XY5A9PXgEHA5kD0hxPIJwZdp68k=">AAAB8nicbZDLSsNAFIYn9VbrpVGXbgaL4KokUtRl0Y3LCvYCTQiT6Uk7dHJhLmIJfRFdibrzUXwB38ZJzUJb/9U35/8Hzn/CjDOpHOfLqqytb2xuVbdrO7t7+3X74LAnUy0odGnKUzEIiQTOEugqpjgMMgEkDjn0w+lN4fcfQEiWJvdqloEfk3HCIkaJMqPArnuJDgB7KsUFPQZ2w2k6C+FVcEtooFKdwP70RinVMSSKciLl0HUy5edEKEY5zGuelpAROiVjGBpMSAzSzxeLz/FplAqsJoAX79/ZnMRSzuLQZGKiJnLZK4b/eUOtois/Z0mmFSTURIwXaY5NwaI/HjEBVPGZAUIFM1tiOiGCUGWuVDP13eWyq9A7b7oXzdZdq9G+Lg9RRcfoBJ0hF12iNrpFHdRFFGn0jN7Qu6WsJ+vFev2JVqzyzxH6I+vjGybrkHc=</latexit>⌫e ! ⌫x

Hints for a light sterile neutrino

LSND & MiniBooNE Reactor anomaly Gallium anomaly
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Δm2
sol ∼ 8x10-5 eV2 Δm2

LSND ∼ 1 eV2Δm2
atm ∼ 2x10-3 eV2

⇒ Can only be accommodated considering four neutrino states

→  Sterile  neutirno

The new neutrino 
could not be 

produced at Z decay

Interpretation of the anomalies

Nν = 2.984 ± 0.008 
(LEP)
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Maltoni et al, NPB643 (2003), NJP06 (2004)

excluded by 
solar and 

atmospheric 
data

✦This scheme requires the presence of sterile 
neutrinos either in solar or atmospheric neutrinos

✦However, solar and atmospheric data show a 
strong preference for active oscillations

Δχ2

2+2 neutrino scheme
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νe

Anomalies in neutrino experiments with very short 
baselines source-detector (10-100 m)

48

Explained with neutrino oscillations with Δm2∼1 eV2 in the channels: 
<latexit sha1_base64="fBv/e/WBQX5nG2xzpcPfd/7QhOk=">AAACCHicbVC9TsMwGHTKXyl/AUYWi6oSU5WgChgrWBiLRH+kJooc92tr1XEi20FUUV8AXgYmBGzMvABvg1MyQMtN57v7JN+FCWdKO86XVVpZXVvfKG9WtrZ3dvfs/YOOilNJoU1jHsteSBRwJqCtmebQSySQKOTQDSdXud+9A6lYLG71NAE/IiPBhowSbaTArnmxsfPrzBPpLADs6RgviPeBXXXqzhx4mbgFqaICrcD+9AYxTSMQmnKiVN91Eu1nRGpGOcwqXqogIXRCRtA3VJAIlJ/N68xwbRhLrMeA5+/f2YxESk2j0GQiosdq0cvF/7x+qocXfsZEkmoQ1ESMN0w5Nl3zVfCASaCaTw0hVDLzS0zHRBKqzXYVU99dLLtMOqd196zeuGlUm5fFEGV0hI7RCXLROWqia9RCbUTRI3pGb+jderCerBfr9SdasoqbQ/QH1sc3VVWaww==</latexit>

⌫e ! ⌫x
<latexit sha1_base64="QsDCUSaDw62CkqYLpBLpTKwWH64=">AAACCnicbVC9TsMwGHT4LeUvwMhiUSGYqgRVwFjBwlgk+iM1UeS4X1qrdhLZDlIV9Q3gZWBCwMbIC/A2OCUDtNx0vrtP8l2Ycqa043xZS8srq2vrlY3q5tb2zq69t99RSSYptGnCE9kLiQLOYmhrpjn0UglEhBy64fi68Lv3IBVL4js9ScEXZBiziFGijRTYJ15i7OI69+JsGngiw55O8JwMgV1z6s4MeJG4JamhEq3A/vQGCc0ExJpyolTfdVLt50RqRjlMq16mICV0TIbQNzQmApSfzwpN8XGUSKxHgGfv39mcCKUmIjQZQfRIzXuF+J/Xz3R06ecsTjMNMTUR40UZx6ZrsQseMAlU84khhEpmfonpiEhCtVmvauq782UXSees7p7XG7eNWvOqHKKCDtEROkUuukBNdINaqI0oekTP6A29Ww/Wk/Vivf5El6zy5gD9gfXxDecCm50=</latexit>

⌫µ ! ⌫e
<latexit sha1_base64="XY5A9PXgEHA5kD0hxPIJwZdp68k=">AAAB8nicbZDLSsNAFIYn9VbrpVGXbgaL4KokUtRl0Y3LCvYCTQiT6Uk7dHJhLmIJfRFdibrzUXwB38ZJzUJb/9U35/8Hzn/CjDOpHOfLqqytb2xuVbdrO7t7+3X74LAnUy0odGnKUzEIiQTOEugqpjgMMgEkDjn0w+lN4fcfQEiWJvdqloEfk3HCIkaJMqPArnuJDgB7KsUFPQZ2w2k6C+FVcEtooFKdwP70RinVMSSKciLl0HUy5edEKEY5zGuelpAROiVjGBpMSAzSzxeLz/FplAqsJoAX79/ZnMRSzuLQZGKiJnLZK4b/eUOtois/Z0mmFSTURIwXaY5NwaI/HjEBVPGZAUIFM1tiOiGCUGWuVDP13eWyq9A7b7oXzdZdq9G+Lg9RRcfoBJ0hF12iNrpFHdRFFGn0jN7Qu6WsJ+vFev2JVqzyzxH6I+vjGybrkHc=</latexit>⌫e ! ⌫x

Hints for a light sterile neutrino

LSND & MiniBooNE Reactor anomaly Gallium anomaly
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Testing the LSND anomaly

→ Not enough evidences to confirm 
or rule out the anomaly

Experiments designed to check LSND signal: MiniBooNE & MicroBooNE

49

Argüelles et al, 2021



Mariam Tórtola (IFIC-CSIC/UValencia) NBI Neutrino School 2025

The reactor anomaly

New theoretical models and reactor results indicate that the neutrino flux for 
235U should be reduced by 5-10 % with respect to previous estimations

→  this result reconciles experimental 
data with theoretical predictions, 
solving the reactor neutrino flux 

anomaly  

P. Vogel, Neutrino 2022

50

Previous theoretical predictions

Measurements at reactor 
experiments NEOS, RENO and 

DayaBay
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Current status of the Ga anomaly

✦ Recently confirmed by 
BEST (Baksan Experiment 
on Sterile Transitions) at 4σ

Barinov et al, PRC 2022
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νe

Anomalies in neutrino experiments with very short 
baselines source-detector (10-100 m)

52

Explained with neutrino oscillations with Δm2∼1 eV2 in the channels: 
<latexit sha1_base64="fBv/e/WBQX5nG2xzpcPfd/7QhOk=">AAACCHicbVC9TsMwGHTKXyl/AUYWi6oSU5WgChgrWBiLRH+kJooc92tr1XEi20FUUV8AXgYmBGzMvABvg1MyQMtN57v7JN+FCWdKO86XVVpZXVvfKG9WtrZ3dvfs/YOOilNJoU1jHsteSBRwJqCtmebQSySQKOTQDSdXud+9A6lYLG71NAE/IiPBhowSbaTArnmxsfPrzBPpLADs6RgviPeBXXXqzhx4mbgFqaICrcD+9AYxTSMQmnKiVN91Eu1nRGpGOcwqXqogIXRCRtA3VJAIlJ/N68xwbRhLrMeA5+/f2YxESk2j0GQiosdq0cvF/7x+qocXfsZEkmoQ1ESMN0w5Nl3zVfCASaCaTw0hVDLzS0zHRBKqzXYVU99dLLtMOqd196zeuGlUm5fFEGV0hI7RCXLROWqia9RCbUTRI3pGb+jderCerBfr9SdasoqbQ/QH1sc3VVWaww==</latexit>

⌫e ! ⌫x
<latexit sha1_base64="QsDCUSaDw62CkqYLpBLpTKwWH64=">AAACCnicbVC9TsMwGHT4LeUvwMhiUSGYqgRVwFjBwlgk+iM1UeS4X1qrdhLZDlIV9Q3gZWBCwMbIC/A2OCUDtNx0vrtP8l2Ycqa043xZS8srq2vrlY3q5tb2zq69t99RSSYptGnCE9kLiQLOYmhrpjn0UglEhBy64fi68Lv3IBVL4js9ScEXZBiziFGijRTYJ15i7OI69+JsGngiw55O8JwMgV1z6s4MeJG4JamhEq3A/vQGCc0ExJpyolTfdVLt50RqRjlMq16mICV0TIbQNzQmApSfzwpN8XGUSKxHgGfv39mcCKUmIjQZQfRIzXuF+J/Xz3R06ecsTjMNMTUR40UZx6ZrsQseMAlU84khhEpmfonpiEhCtVmvauq782UXSees7p7XG7eNWvOqHKKCDtEROkUuukBNdINaqI0oekTP6A29Ww/Wk/Vivf5El6zy5gD9gfXxDecCm50=</latexit>

⌫µ ! ⌫e
<latexit sha1_base64="XY5A9PXgEHA5kD0hxPIJwZdp68k=">AAAB8nicbZDLSsNAFIYn9VbrpVGXbgaL4KokUtRl0Y3LCvYCTQiT6Uk7dHJhLmIJfRFdibrzUXwB38ZJzUJb/9U35/8Hzn/CjDOpHOfLqqytb2xuVbdrO7t7+3X74LAnUy0odGnKUzEIiQTOEugqpjgMMgEkDjn0w+lN4fcfQEiWJvdqloEfk3HCIkaJMqPArnuJDgB7KsUFPQZ2w2k6C+FVcEtooFKdwP70RinVMSSKciLl0HUy5edEKEY5zGuelpAROiVjGBpMSAzSzxeLz/FplAqsJoAX79/ZnMRSzuLQZGKiJnLZK4b/eUOtois/Z0mmFSTURIwXaY5NwaI/HjEBVPGZAUIFM1tiOiGCUGWuVDP13eWyq9A7b7oXzdZdq9G+Lg9RRcfoBJ0hF12iNrpFHdRFFGn0jN7Qu6WsJ+vFev2JVqzyzxH6I+vjGybrkHc=</latexit>⌫e ! ⌫x

Hints for a light sterile neutrino

LSND & MiniBooNE Reactor anomaly Gallium anomaly

?? ✖ ✓
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Global fit in 3+1 neutrino scheme
 Dentler et al, JHEP 2018 [See also Giunti et al]

⇒ Constraints on short-baseline  

νμ → νe  oscillations

⇒ strong tension between 

appearance (LSND/MiniBooNE) 
and disappearance experiments: 

SK, IceCube, MINOS/+,…
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✦ In Cosmology, sterile neutrinos with eV masses contribute to: 

Neff = relativistic degrees of freedomΣ mν = sum of neutrino masses

✦ Considering the presence 4th light sterile neutrino: 

→ Neff ≈ 4

<latexit sha1_base64="5d21zrxk/j6vdRSrfqyi3iR9c1w="></latexit>X
m⌫ & 0.05 eV +

q
�m2

41 > 1 eV→

<latexit sha1_base64="4JyQS9dJ8PSGGkikQ7zAFga0XlE=">AAACCXicbVDLSgMxFM34rPVVdekmWBRBHGbaUnUhFN24kgr2AW0dMumdNjTzIMkIZZgv0J/Rlag7t/6Af2Nau9DWs8nJPefCPceNOJPKsr6MufmFxaXlzEp2dW19YzO3tV2XYSwo1GjIQ9F0iQTOAqgppjg0IwHEdzk03MHlSG/cg5AsDG7VMIKOT3oB8xglSo+c3MG10/aJ6gs/Ac9L8TkumGdlfJccWWaxlDrJsX6LqZPLW6Y1Bp4l9oTk0QRVJ/fZ7oY09iFQlBMpW7YVqU5ChGKUQ5ptxxIiQgekBy1NA+KD7CTjPCne90KBVR/w+P/bmxBfyqHvas/oajmtjYb/aa1YeaedhAVRrCCg2qI1L+ZYhXhUC+4yAVTxoSaECqavxLRPBKFKl5fV8e3psLOkXjDtslm6KeUrF5MiMmgX7aFDZKMTVEFXqIpqiKJH9Ize0LvxYDwZL8brj3XOmOzsoD8wPr4BYwyXeg==</latexit>

Ne↵ = 2.96+0.34
�0.33

M. Archidiacono @ Neutrino 2024

✦  Cosmological constraints:

Σ mν < 0.072 eV (95% CL)*

Strong tension between the eV 
sterile neutrino hypothesis and 

cosmology

eV-sterile neutrino in Cosmology
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✦ Most models of neutrino masses include new extra heavy states 

Ex: type I seesaw, 
inverse seesaw 

Non-unitary light neutrino mixing

✓
0 MD

MT
D MR

◆

<latexit sha1_base64="2DfIPTV1HTm2Q6axP01WcHMWgmg=">AAACJnicbVBNS8NAEN34bfyqevSyWJR6KYkIehT14EVQsVpoatlsJ+3SzSbsToQS+n/0v4ieRL35U9zWHLT1XfbNvDfDvglTKQx63qczNT0zOze/sOguLa+srpXWN25NkmkONZ7IRNdDZkAKBTUUKKGeamBxKOEu7J0O9bsH0EYk6gb7KTRj1lEiEpyhbbVKp4GECCtuEEJHqJxpzfqDnPOB69FdetE6o0Hg2uf+ZlReuwGodmFzAy06Xdxrlcpe1RuBThK/IGVS4LJVeg7aCc9iUMglM6bheyk27VYUXILdmxlIGe+xDjQsVSwG08xHYQd0J0o0xS7QUf3bm7PYmH4cWk/MsGvGtWHzP62RYXTUzIVKMwTFrcVqUSYpJnR4M9oWGjjKviWMa2F/SXmXacbRXta18f3xsJPkdr/qe1X/6qB8fFIcYoFskW1SIT45JMfknFySGuHkibySD/LpPDovzpvz/mOdcoqZTfIHztc3XdyjJg==</latexit><latexit sha1_base64="2DfIPTV1HTm2Q6axP01WcHMWgmg=">AAACJnicbVBNS8NAEN34bfyqevSyWJR6KYkIehT14EVQsVpoatlsJ+3SzSbsToQS+n/0v4ieRL35U9zWHLT1XfbNvDfDvglTKQx63qczNT0zOze/sOguLa+srpXWN25NkmkONZ7IRNdDZkAKBTUUKKGeamBxKOEu7J0O9bsH0EYk6gb7KTRj1lEiEpyhbbVKp4GECCtuEEJHqJxpzfqDnPOB69FdetE6o0Hg2uf+ZlReuwGodmFzAy06Xdxrlcpe1RuBThK/IGVS4LJVeg7aCc9iUMglM6bheyk27VYUXILdmxlIGe+xDjQsVSwG08xHYQd0J0o0xS7QUf3bm7PYmH4cWk/MsGvGtWHzP62RYXTUzIVKMwTFrcVqUSYpJnR4M9oWGjjKviWMa2F/SXmXacbRXta18f3xsJPkdr/qe1X/6qB8fFIcYoFskW1SIT45JMfknFySGuHkibySD/LpPDovzpvz/mOdcoqZTfIHztc3XdyjJg==</latexit><latexit sha1_base64="2DfIPTV1HTm2Q6axP01WcHMWgmg=">AAACJnicbVBNS8NAEN34bfyqevSyWJR6KYkIehT14EVQsVpoatlsJ+3SzSbsToQS+n/0v4ieRL35U9zWHLT1XfbNvDfDvglTKQx63qczNT0zOze/sOguLa+srpXWN25NkmkONZ7IRNdDZkAKBTUUKKGeamBxKOEu7J0O9bsH0EYk6gb7KTRj1lEiEpyhbbVKp4GECCtuEEJHqJxpzfqDnPOB69FdetE6o0Hg2uf+ZlReuwGodmFzAy06Xdxrlcpe1RuBThK/IGVS4LJVeg7aCc9iUMglM6bheyk27VYUXILdmxlIGe+xDjQsVSwG08xHYQd0J0o0xS7QUf3bm7PYmH4cWk/MsGvGtWHzP62RYXTUzIVKMwTFrcVqUSYpJnR4M9oWGjjKviWMa2F/SXmXacbRXta18f3xsJPkdr/qe1X/6qB8fFIcYoFskW1SIT45JMfknFySGuHkibySD/LpPDovzpvz/mOdcoqZTfIHztc3XdyjJg==</latexit><latexit sha1_base64="2DfIPTV1HTm2Q6axP01WcHMWgmg=">AAACJnicbVBNS8NAEN34bfyqevSyWJR6KYkIehT14EVQsVpoatlsJ+3SzSbsToQS+n/0v4ieRL35U9zWHLT1XfbNvDfDvglTKQx63qczNT0zOze/sOguLa+srpXWN25NkmkONZ7IRNdDZkAKBTUUKKGeamBxKOEu7J0O9bsH0EYk6gb7KTRj1lEiEpyhbbVKp4GECCtuEEJHqJxpzfqDnPOB69FdetE6o0Hg2uf+ZlReuwGodmFzAy06Xdxrlcpe1RuBThK/IGVS4LJVeg7aCc9iUMglM6bheyk27VYUXILdmxlIGe+xDjQsVSwG08xHYQd0J0o0xS7QUf3bm7PYmH4cWk/MsGvGtWHzP62RYXTUzIVKMwTFrcVqUSYpJnR4M9oWGjjKviWMa2F/SXmXacbRXta18f3xsJPkdr/qe1X/6qB8fFIcYoFskW1SIT45JMfknFySGuHkibySD/LpPDovzpvz/mOdcoqZTfIHztc3XdyjJg==</latexit>

0

@
0 MD 0

MT
D 0 M
0 MT µ

1

A

<latexit sha1_base64="09UtXLt3wdIsXxVLlemP6O2pnMk="></latexit><latexit sha1_base64="09UtXLt3wdIsXxVLlemP6O2pnMk="></latexit><latexit sha1_base64="09UtXLt3wdIsXxVLlemP6O2pnMk="></latexit><latexit sha1_base64="09UtXLt3wdIsXxVLlemP6O2pnMk="></latexit>

✦ NxN non-unitary mixing matrix described with 2N2-(2N-1) parameters

→ 13 parameters are needed to describe a non-unitary (3x3) matrix 

→ besides the 4 standard ones (θij and δCP), 9 more parameters are needed

→ (3x3) light neutrino mixing matrix U is non-unitary in general

Un⇥n =

✓
N W
V T

◆
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✦ General parameterization for non-unitary NxN mixing matrix

N = NNPU3⇥3 =

0

@
↵11 0 0
↵21 ↵22 0
↵31 ↵32 ↵33

1

AU3⇥3
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Escrihuela et al, PRD92 (2015)

See also Xing, PRD2012 for n=6

with

→ αii real, αij complex: 9 new parameters
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NU neutrino oscillations in DUNE

→ (δ, 𝜙) degeneracies in Pμe for E≳ 3 GeV spoil sensitivity to δ 

Escrihuela et al, NJP 2017
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Miranda, MT, Valle,  PRL 117 (2016)

Pµe = (↵11↵22)
2P 3⇥3
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The new phases (φ) will modify the standard oscillation 
picture in LBL experiments, such as DUNE

with 
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DUNE CP sensitivity with NU

3σ

5σ

|α|<10-3

|α|<10-2

|α|free

|α|<10-1

-π - π
2 0 π

2 π
0

1

2

3

4

5

6

7

δCP

χ2

3σ

5σ
|αμe|=0

|αμe|=10-3

|αμe|= 10-1

|αμe|=10-2

-π - π
2 0 π

2 π

δCP

→ The sensitivity to CP violation might be spoiled in the absence of priors on  NU

Fernández-Martínez et al (DUNE-BSM Working Group)

→ With priors based on current bounds (10-3-10-2), the effect is less dramatic
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✦ New 4-fermion interactions involving neutrinos

Non-standard neutrino interactions

⇒ effect on neutrino production and detection 

→ NSI violate lepton flavor (FC-NSI)

⇒ mainly affecting neutrino propagation in matter:        

(but also detection, e.g., Super-K and Borexino)

LNC�NSI = �2
p
2GF ✏fX↵� (⌫̄↵�

µPL⌫�)
�
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�

CC-NSI:

NC-NSI:

✏↵↵ � ✏�� 6= 0
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→ NSI violate lepton universality (NU-NSI)

✦ NSI may affect the 3-neutrino oscillation picture: 

⇒ sensitivity reach of upcoming experiments (degeneracies)

⇒ precision measurements at current experiments

(X= L,R)
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✦ models with heavy mediator: mX >> 100 GeV ⇒ 𝜖 << 1

✦ models with light mediator: mX ∼ 10 MeV, 𝜖 ∼ 1 with gX ∼ 10-4-10-5

⇒ bounds on production avoided due to small coupling

⇒ NSI effect suppressed in scattering exp. with q2 >> MX
2                       

(NuTeV, CHARM, q ~ GeV)
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⇒ BBN bounds can be avoided with mX ≳ 10 MeV 

10 MeV < mX < 1 GeV 

Models leading to sizeable NSI
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⇒ tension between preferred value of Δm2
21 from 

KamLAND and solar data 

Maltoni & Smirnov, EPJ 2015

⇒ Δm2
21 preferred by KamLAND predicts steep 

upturn and smaller D/N asymmetry

✦ NSI (ε ~0.3) can reconcile both results:

⇒ flatter spectrum at intermediate E-region

⇒ larger D/N asymmetries can be expected

Coloma et al, PRD96 (2017)Escrihuela et al, PRD80 (2009);
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NSI in the solar sector
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Gouvea and Kelly, NPB 2016

NSI at future LBL experiments

(θ23-𝜖ττ) degeneracy in DUNE

Coloma, JHEP 2016
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NSI can significantly spoil DUNE’s sensitivity to:

Masud and Mehta, PRD 2016

NSI at future LBL experiments

CP violation mass ordering
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The T2K-NOvA δCP tension

Chatterjee and Palazzo, PRL 2021

✦ NSI may include new sources of CP violation besides δCP:  εαβ = |εαβ| exp(iφαβ)

✦ CP-violating NSI with a new complex phase φeμ or φeτ close to maximal 

with NSI couplings  εeμ or εeτ of the order of 0.2 may reconcile T2K and 
NOvA results.

Denton et al, PRL 2021
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BSM searches with 
CEvNS experiments
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Nuclear form factor

Weak nuclear charge
Axial contribution: 

small for most 
nuclei, it cancels out 
for nuclei with even 
number of p and n

<latexit sha1_base64="NEVpFbyWb3BZXwNrf5NHfwax1zI=">AAACBXicbVDLTsJAFJ36RHxVXbqZQExwAWkJUTcmRDeuDCRCiW1tpsMUJkwfmZmakIa1/oyujLrzB/wB/8YBu1DwrM6959zknuMnjAppGF/a0vLK6tp6YaO4ubW9s6vv7XdFnHJMOjhmMe/5SBBGI9KRVDLSSzhBoc+I5Y8up7p1T7igcXQjxwlxQzSIaEAxkmrl6aW2Z8FzaMPbilltOIJGd3VHDolEnnUMq/Aaup5eNmrGDHCRmDkpgxwtT/90+jFOQxJJzJAQtmkk0s0QlxQzMik6qSAJwiM0ILaiEQqJcLNZlgk8CmIO1QNwNv/2ZigUYhz6yhMiORTz2nT5n2anMjhzMxolqSQRVhalBSmDMobTSmCfcoIlGyuCMKfqS4iHiCMsVXFFFd+cD7tIuvWaeVJrtBvl5kVeRAEcghKoABOcgia4Ai3QARg8gmfwBt61B+1Je9Fef6xLWn5zAP5A+/gGsp6Vbw==</latexit>

QW = [Z(1� 4 sin2 ✓W )�N ]
<latexit sha1_base64="TiUTASBe7QDR40RSscbYglWdxeg=">AAAB+3icbVDLSsNAFJ34rPUVdSO4GSyCq5LUoi6LblxWsA9oYphMJ+3QmSTM3Agl1J/Rlag7/8If8G+c1iy09azOvedcuOeEqeAaHOfLWlpeWV1bL22UN7e2d3btvf22TjJFWYsmIlHdkGgmeMxawEGwbqoYkaFgnXB0PdU7D0xpnsR3ME6ZL8kg5hGnBMwqsA89zeP7mgdDBiToYDNK7FRrZ4FdcarODHiRuAWpoALNwP70+gnNJIuBCqJ1z3VS8HOigFPBJmUv0ywldEQGrGdoTCTTfj5LMMEnUaKw+QHP5t/enEitxzI0HklgqOe16fI/rZdBdOnnPE4zYDE1FqNFmcCQ4GkRuM8VoyDGhhCquPkS0yFRhIKpq2ziu/NhF0m7VnXPq/XbeqVxVRRRQkfoGJ0iF12gBrpBTdRCFD2iZ/SG3q2J9WS9WK8/1iWruDlAf2B9fANVEZM/</latexit>

sin2 ✓W ⇠ 0.23 → neutron contribution dominates

Barranco et al, JHEP 2005

Freedman, PRD 1974

✦ BSM searches: neutrino electromagnetic properties, NSI, couplings with 
new mediator particles,…

✦ Standard Model tests: nuclear physics, EW measurements ( )θW

Physics potential of CEvNS
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<latexit sha1_base64="BVeVcVjXrDZQCLAAP5xO0M6BB3c="></latexit>

µ⌫e < 3.6 (3.8)⇥ 10�9 µB

µ⌫µ < 2.4 (2.6)⇥ 10�9 µB
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Neutrino magnetic moment

90% C.L. limits

✦ The (effective) neutrino magnetic moment gives extra contribution to 
CEvNS cross section:

<latexit sha1_base64="PI2VMdyRlj2uXputy+uIlR+jwbU="></latexit>
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✦ Minimal SM extension (with mν) predicts
<latexit sha1_base64="UFphj/9iG7IPbLn7bXhLzJASygQ="></latexit>
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Non-standard interactions

Flavour-changing NSI Non-Universal NSI

ν ν

q q


