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Lecture 4 

 Neutrino physics beyond the Standard Model
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Are there light sterile 
neutrinos?
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νe

125

Nν = 2.984 ± 0.008
Z

→ No evidence of a fourth family of 
quarks or charged leptons

How many neutrinos?

✦ According to LEP measurements 
of the invisible Z decay width: 
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How many neutrinos?

Experimental hints for a 4th sterile neutrino:

→ Nν = 2.984 ± 0.008 (light, active neutrinos)

νe

LSND & MiniBooNE Reactor anomaly Gallium anomaly

(�)

⌫ µ ! (�)

⌫ e
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✦ According to LEP measurements of invisible Z decay width: 
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M Rayner, CERN Courier, 2020

https://cerncourier.com/wp-content/uploads/2020/07/CCJulAug20_NEUTRINOS_natural.jpg


Mariam Tórtola (IFIC-CSIC/UValencia) Galileo Galilei Institute 2025

νe

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

128

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
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⌫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



Mariam Tórtola (IFIC-CSIC/UValencia) Galileo Galilei Institute 2025129

Δm2
sol ∼ 8x10-5 eV2 Δm2

LSND ∼ 1 eV2Δm2
atm ∼ 2x10-3 eV2

⇒ Can only be accommodated considering four neutrino states

Interpretation of the anomalies

→  Sterile  neutirno

The new neutrino 
could not be 

produced at Z decay
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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)
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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

132

Argüelles et al, 2021
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Anomalies in neutrino experiments with very short 
baselines source-detector (10-100 m)
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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>
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LSND & MiniBooNE Reactor anomaly Gallium anomaly
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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

134

Previous theoretical predictions

Measurements at reactor 
experiments NEOS, RENO and 

DayaBay
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Anomalies in neutrino experiments with very short 
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Explained with neutrino oscillations with Δm2∼1 eV2 in the channels: 
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Hints for a light sterile neutrino

LSND & MiniBooNE Reactor anomaly Gallium anomaly
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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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Anomalies in neutrino experiments with very short 
baselines source-detector (10-100 m)
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Explained with neutrino oscillations with Δm2∼1 eV2 in the channels: 
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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/+,…



Mariam Tórtola (IFIC-CSIC/UValencia) Galileo Galilei Institute 2025139

eV-sterile neutrino in Cosmology
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Ne↵ = 2.96+0.34
�0.33

M. Archidiacono @ Neutrino 2024

  Cosmological constraints on neutrinos

Σ mν < 0.072 eV (95% CL)

Strong tension between the 
eV sterile neutrino hypothesis 

and cosmology

relativistic degrees of freedom

Sum of neutrino masses
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Non-unitary neutrino 
mixing



Mariam Tórtola (IFIC-CSIC/UValencia) Galileo Galilei Institute 2025141

Bounds on neutrino NU mixing

Forero, Giunti, Ternes, Tórtola, PRD 2022

‣ Analysis of short-baseline and long-baseline neutrino experiments:             
            NOMAD and NuTeV and MINOS, NOvA and T2K. 
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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)

The new phases associated to the non-unitarity  will modify the 
standard oscillation picture in LBL experiments, such as DUNE
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DUNE CP sensitivity with NU
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→ 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 not less dramatic
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Forero et al, PRD 2022

⇒ The tension is not alleviated in the context of NU neutrino mixing

✦ No significant deviation from unitary mixing is found: updated bounds 

with LBL and SBL ⇒MINOS improves current neutrino limits!

✦ NU includes additional sources of CP violation.

The T2K-NOνA δCP tension
Non-unitary mixing analysis of T2K and NOvA (normal ordering)



Mariam Tórtola (IFIC-CSIC/UValencia) Galileo Galilei Institute 2025145

Neutrino non-standard 
interactions (NSI) with matter
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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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3ν oscillations

NSI in the solar sector
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cos 2✓m =
�m2 cos 2✓ � 2

p
2EGFNeq

(�m2 cos 2✓ � 2
p
2EGFNe)2 + (�m2 sin2 2✓)2 ⇒ degenerate solution with:

3ν oscillations + NSI:

ε f
ααNf → − ε f

ααNf − 2Ne , θ → π/2 − θ

Ne → Ne + ε f
ααNf

Miranda et al, JHEP 2006
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[f=u,d,e;  P=L,R,V,A]

90% C.L. 
bounds on 

NU-NSI

Farzan, MT, Frontiers in Phys. 6 (2018) 10
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[f=u,d,e;  P=L,R,V,A]

90% C.L. 
bounds on 

FC-NSI

Farzan, MT, Frontiers in Phys. 6 (2018) 10
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[f,f’=u,d,e;  P=L,R,V,A]

90% C.L. 
bounds on 

CC-NSI

Farzan, MT, Frontiers in Phys. 6 (2018) 10
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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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BSM searches with 
CEvNS experiments
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Coherent Elastic ν Nucleus Scattering (CEνNS)

D. Freedman PRD9 (1974) 1389

COHERENT Coll. Science 357 (2017) 1123

First observed at the Spallation Neutron Source 
(Oak Ridge National Laboratory) in 2017
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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,…

What can we learn from CEvNS?

✦ Standard Model tests: nuclear physics, EW measurements ( )θW
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Akimov et al, PRL  129 (2022) 081801

Akimov et al, PRL 126 (2021) 012002

CsI (2021)

LAr (2020)

CEvNS data from COHERENT

Source: Neutrinos from pion decay at rest
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Non-standard interactions

Flavour-changing NSI Non-Universal NSI

ν ν

q q
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Coloma et al, PRD 2017

 ⇒ LMA-Dark excluded at 3σ

- NSI mediator lighter than 50 MeV

oscillations

- degeneracies in (𝜺d, 𝜺u) 

COHERENT

Relaxed if:

degenerate solution

Complementarity of CEvNS 
and oscillation data to 
constrain BSM physics

CEvNS and the LMA-D solution
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Neutrino charge radius
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✦ It is the only EM neutrino parameter that is different from zero in the SM:  

<latexit sha1_base64="Wg7+wj8sMHhdcibsP5nd/IBNZ6I="></latexit>

hr2⌫ee
i 2 [�61.2,�48.2] [ [�4.7, 2.2]⇥ 10�32 cm2

hr2⌫µµ
i 2 [�58.2,�52.1]⇥ 10�32 cm2 (1σ)

<latexit sha1_base64="TeAf8m6bDu23bPLJwe3Dp1N9vys="></latexit>⇣
hr2⌫ee

i, hr2⌫µµ
i, hr2⌫⌧⌧

i
⌘
= (�0.83,�0.48,�0.30)⇥ 10�32 cm2

✦ New contribution to the CEvNS cross section, proportional to

Bernabeu et al NPB 2004

<latexit sha1_base64="EikXHztR3y+U2xcjEzBsNUWK+2Q="></latexit>
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De Romeri et al, JHEP 2023
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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

160

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>

d�⌫`N
dEnr

���
MM

CE⌫NS
=

⇡↵2
EM

m2
e

✓
1

Enr
� 1

E⌫

◆
Z2F 2

W (|~q|2)
����
µ⌫`

µB

����
2

✦ Minimal SM extension (with mν) predicts
<latexit sha1_base64="UFphj/9iG7IPbLn7bXhLzJASygQ="></latexit>
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eV
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in BSM
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Limits from reactor CEνNS data

CONUS+
CONUS+ Collaboration, 2501.05206

Atzori Corona et al, 2501.18550

Bounds on neutrino magnetic moment 
(90% CL)

De Romeri et al, 2501.17843
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Limits from the first solar CEνNS data

2024: XENONnT and PandaX-4T have observed CEνNS induced by 8B 
solar neutrinos scattering off xenon nuclei in their detectors.

XENONnT

O’Hare PRL 127 (2021) 251802

μνμ
< 1.8 × 10−9μB

μνe
< 1.9 × 10−9μB

De Romeri et al, 2412.14991 

90% C.L. limits
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EvES at Dark Matter Experiments

EvES = elastic neutrino-electron scattering 

Giunti, Ternes, 2309.17380, PRD 2023

➡ surpassed by dark matter direct detection experiments.

✦ Previous bounds obtained from solar data in Borexino:

✦ Current stronger limit from astrophysical observations:

Capozzi, Raffelt, 2007.03694, PRD 2020
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CPT violation in ν 
oscillations ??
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Violation of CPT  symmetry

Parity violation in weak 
interactions?

P violated: what about CP?

Evidence for CP 
violation

Is CPT conserved? P (⌫↵ ! ⌫�) 6= P (⌫� ! ⌫↵)
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Neutrino oscillation data can be used to constrain CPT violation at 
the neutrino sector

If not:

‣  CPT is presently observed as an exact symmetry of nature. 
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CPT  in neutrino oscillations
‣  Test hypothesis: neutrino and antineutrino oscillations are 

ruled by different parameters: (�m2
ji, ✓ij , �)

<latexit sha1_base64="0mBmiiz+Br4znPMXW4gyVZGUMu0=">AAACCnicbVDLTgJBEJz1ifha9ehlIjFiYsguMdEjUQ8eMZFHAriZHRoYmH1kpteEbPgD/Rk9GfXm0R/wbxyQg4J1qu6qTrrKj6XQ6Dhf1sLi0vLKamYtu76xubVt7+xWdZQoDhUeyUjVfaZBihAqKFBCPVbAAl9CzR9cjvXaPSgtovAWhzG0AtYNRUdwhmbl2Uf55hVIZDS4K3ppX4xOaBN7gMxLRX88tCfqsWfnnIIzAZ0n7pTkyBRlz/5stiOeBBAil0zrhuvE2EqZQsEljLLNREPM+IB1oWFoyALQrXQSaEQPO5Gi5g06mX97UxZoPQx84wkY9vSsNl7+pzUS7Jy3UhHGCULIjcVonURSjOi4F9oWCjjKoSGMK2G+pLzHFONo2sua+O5s2HlSLRZcp+DenOZKF9MiMmSfHJA8cckZKZFrUiYVwskjeSZv5N16sJ6sF+v1x7pgTW/2yB9YH99t4ple</latexit><latexit sha1_base64="0mBmiiz+Br4znPMXW4gyVZGUMu0=">AAACCnicbVDLTgJBEJz1ifha9ehlIjFiYsguMdEjUQ8eMZFHAriZHRoYmH1kpteEbPgD/Rk9GfXm0R/wbxyQg4J1qu6qTrrKj6XQ6Dhf1sLi0vLKamYtu76xubVt7+xWdZQoDhUeyUjVfaZBihAqKFBCPVbAAl9CzR9cjvXaPSgtovAWhzG0AtYNRUdwhmbl2Uf55hVIZDS4K3ppX4xOaBN7gMxLRX88tCfqsWfnnIIzAZ0n7pTkyBRlz/5stiOeBBAil0zrhuvE2EqZQsEljLLNREPM+IB1oWFoyALQrXQSaEQPO5Gi5g06mX97UxZoPQx84wkY9vSsNl7+pzUS7Jy3UhHGCULIjcVonURSjOi4F9oWCjjKoSGMK2G+pLzHFONo2sua+O5s2HlSLRZcp+DenOZKF9MiMmSfHJA8cckZKZFrUiYVwskjeSZv5N16sJ6sF+v1x7pgTW/2yB9YH99t4ple</latexit><latexit sha1_base64="0mBmiiz+Br4znPMXW4gyVZGUMu0=">AAACCnicbVDLTgJBEJz1ifha9ehlIjFiYsguMdEjUQ8eMZFHAriZHRoYmH1kpteEbPgD/Rk9GfXm0R/wbxyQg4J1qu6qTrrKj6XQ6Dhf1sLi0vLKamYtu76xubVt7+xWdZQoDhUeyUjVfaZBihAqKFBCPVbAAl9CzR9cjvXaPSgtovAWhzG0AtYNRUdwhmbl2Uf55hVIZDS4K3ppX4xOaBN7gMxLRX88tCfqsWfnnIIzAZ0n7pTkyBRlz/5stiOeBBAil0zrhuvE2EqZQsEljLLNREPM+IB1oWFoyALQrXQSaEQPO5Gi5g06mX97UxZoPQx84wkY9vSsNl7+pzUS7Jy3UhHGCULIjcVonURSjOi4F9oWCjjKoSGMK2G+pLzHFONo2sua+O5s2HlSLRZcp+DenOZKF9MiMmSfHJA8cckZKZFrUiYVwskjeSZv5N16sJ6sF+v1x7pgTW/2yB9YH99t4ple</latexit><latexit sha1_base64="0mBmiiz+Br4znPMXW4gyVZGUMu0=">AAACCnicbVDLTgJBEJz1ifha9ehlIjFiYsguMdEjUQ8eMZFHAriZHRoYmH1kpteEbPgD/Rk9GfXm0R/wbxyQg4J1qu6qTrrKj6XQ6Dhf1sLi0vLKamYtu76xubVt7+xWdZQoDhUeyUjVfaZBihAqKFBCPVbAAl9CzR9cjvXaPSgtovAWhzG0AtYNRUdwhmbl2Uf55hVIZDS4K3ppX4xOaBN7gMxLRX88tCfqsWfnnIIzAZ0n7pTkyBRlz/5stiOeBBAil0zrhuvE2EqZQsEljLLNREPM+IB1oWFoyALQrXQSaEQPO5Gi5g06mX97UxZoPQx84wkY9vSsNl7+pzUS7Jy3UhHGCULIjcVonURSjOi4F9oWCjjKoSGMK2G+pLzHFONo2sua+O5s2HlSLRZcp+DenOZKF9MiMmSfHJA8cckZKZFrUiYVwskjeSZv5N16sJ6sF+v1x7pgTW/2yB9YH99t4ple</latexit>
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<latexit sha1_base64="6iaMFtTxofqFXLuw0xPlJTNdMbQ=">AAACK3icbVDJSgNBEO1xN25Rj14agxBBwkwQ9BjUg0cFYwJJHHo6laSTnoXuGiEM80n6Jd70oqg3/8OemEMW3+nVW6CqvEgKjbb9bi0sLi2vrK6t5zY2t7Z38rt79zqMFYcqD2Wo6h7TIEUAVRQooR4pYL4noeYNLjO/9ghKizC4w2EELZ91A9ERnKGR3Px1sRkaP6snzSuQyKifPpTdpC/SEzrhYQ+QuYnop9N6O+uk9NjNF+ySPQKdJ86YFMgYN27+pdkOeexDgFwyrRuOHWErYQoFl5DmmrGGiPEB60LD0ID5oFvJ6OKUHnVCRc1KdDRPZhPmaz30PZPxGfb0rJeJ/3mNGDvnrUQEUYwQcBMxXieWFEOaPY62hQKOcmgI40qYLSnvMcU4mvfmzPnO7LHz5L5ccuySc3taqFyMH7FGDsghKRKHnJEKuSY3pEo4eSZv5It8W0/Wq/Vhff5FF6xxZ59Mwfr5BTfbqNA=</latexit><latexit sha1_base64="6iaMFtTxofqFXLuw0xPlJTNdMbQ=">AAACK3icbVDJSgNBEO1xN25Rj14agxBBwkwQ9BjUg0cFYwJJHHo6laSTnoXuGiEM80n6Jd70oqg3/8OemEMW3+nVW6CqvEgKjbb9bi0sLi2vrK6t5zY2t7Z38rt79zqMFYcqD2Wo6h7TIEUAVRQooR4pYL4noeYNLjO/9ghKizC4w2EELZ91A9ERnKGR3Px1sRkaP6snzSuQyKifPpTdpC/SEzrhYQ+QuYnop9N6O+uk9NjNF+ySPQKdJ86YFMgYN27+pdkOeexDgFwyrRuOHWErYQoFl5DmmrGGiPEB60LD0ID5oFvJ6OKUHnVCRc1KdDRPZhPmaz30PZPxGfb0rJeJ/3mNGDvnrUQEUYwQcBMxXieWFEOaPY62hQKOcmgI40qYLSnvMcU4mvfmzPnO7LHz5L5ccuySc3taqFyMH7FGDsghKRKHnJEKuSY3pEo4eSZv5It8W0/Wq/Vhff5FF6xxZ59Mwfr5BTfbqNA=</latexit><latexit sha1_base64="6iaMFtTxofqFXLuw0xPlJTNdMbQ=">AAACK3icbVDJSgNBEO1xN25Rj14agxBBwkwQ9BjUg0cFYwJJHHo6laSTnoXuGiEM80n6Jd70oqg3/8OemEMW3+nVW6CqvEgKjbb9bi0sLi2vrK6t5zY2t7Z38rt79zqMFYcqD2Wo6h7TIEUAVRQooR4pYL4noeYNLjO/9ghKizC4w2EELZ91A9ERnKGR3Px1sRkaP6snzSuQyKifPpTdpC/SEzrhYQ+QuYnop9N6O+uk9NjNF+ySPQKdJ86YFMgYN27+pdkOeexDgFwyrRuOHWErYQoFl5DmmrGGiPEB60LD0ID5oFvJ6OKUHnVCRc1KdDRPZhPmaz30PZPxGfb0rJeJ/3mNGDvnrUQEUYwQcBMxXieWFEOaPY62hQKOcmgI40qYLSnvMcU4mvfmzPnO7LHz5L5ccuySc3taqFyMH7FGDsghKRKHnJEKuSY3pEo4eSZv5It8W0/Wq/Vhff5FF6xxZ59Mwfr5BTfbqNA=</latexit><latexit sha1_base64="6iaMFtTxofqFXLuw0xPlJTNdMbQ=">AAACK3icbVDJSgNBEO1xN25Rj14agxBBwkwQ9BjUg0cFYwJJHHo6laSTnoXuGiEM80n6Jd70oqg3/8OemEMW3+nVW6CqvEgKjbb9bi0sLi2vrK6t5zY2t7Z38rt79zqMFYcqD2Wo6h7TIEUAVRQooR4pYL4noeYNLjO/9ghKizC4w2EELZ91A9ERnKGR3Px1sRkaP6snzSuQyKifPpTdpC/SEzrhYQ+QuYnop9N6O+uk9NjNF+ySPQKdJ86YFMgYN27+pdkOeexDgFwyrRuOHWErYQoFl5DmmrGGiPEB60LD0ID5oFvJ6OKUHnVCRc1KdDRPZhPmaz30PZPxGfb0rJeJ/3mNGDvnrUQEUYwQcBMxXieWFEOaPY62hQKOcmgI40qYLSnvMcU4mvfmzPnO7LHz5L5ccuySc3taqFyMH7FGDsghKRKHnJEKuSY3pEo4eSZv5It8W0/Wq/Vhff5FF6xxZ59Mwfr5BTfbqNA=</latexit>

vs

‣  Separate neutrino and antineutrino analysis in T2K

→ different best fit values

→ consistent with CPT conservationT
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‣  Current bounds at 3σ:

Barenboim, Ternes, MT, PLB2018 - Barenboim, Martinez-Miravé,Ternes, MT, PRD2023
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‣  DUNE sensitivity analysis to differences in atmospheric parameters

→ one order of magnitude improvement:

(3σ)
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→ excellent sensitivity for max mixing

→ oscillating results for high and low 
octant due to degeneracies

CPT  in neutrino oscillations
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CPT  oscillations: imposter solutions

‣  Standard analyses of oscillation data assume CPT conservation

‣  If CPT is violated one can obtain imposter solutions

‣  Ex: DUNE neutrino data simulated with sin2 ✓23 = 0.5 , sin2 ✓23 = 0.43
<latexit sha1_base64="YH6f3KEyHrbfc9U+TREKAeUG1AI=">AAACI3icbVBLS8NAGNz4rPUV9ehlsQgeSkjail6EohePFewDmhg22027dPNgdyOUkJ+jf8aeRAUP/hc3bUBtndPsN7O734wXMyqkaX5qK6tr6xubpa3y9s7u3r5+cNgRUcIxaeOIRbznIUEYDUlbUslIL+YEBR4jXW98k+vdR8IFjcJ7OYmJE6BhSH2KkVQjV2/agoYPNVuOiERuWqtn8Aqaxjm0q7AKCzFSL+QfpHNb9uNr1F29YhrmDHCZWAWpgAItV5/agwgnAQklZkiIvmXG0kkRlxQzkpXtRJAY4TEakr6iIQqIcNJZ0gye+hGHagk4O//2pigQYhJ4yhMgORKLWj78T+sn0r90UhrGiSQhVhal+QmDMoJ5YXBAOcGSTRRBmFO1JcQjxBGWqtayim8thl0mnZphmYZ116g0r4siSuAYnIAzYIEL0AS3oAXaAINnMAXv4EN70l60V+1tbl3RijtH4A+0r2+YOKGm</latexit><latexit sha1_base64="YH6f3KEyHrbfc9U+TREKAeUG1AI=">AAACI3icbVBLS8NAGNz4rPUV9ehlsQgeSkjail6EohePFewDmhg22027dPNgdyOUkJ+jf8aeRAUP/hc3bUBtndPsN7O734wXMyqkaX5qK6tr6xubpa3y9s7u3r5+cNgRUcIxaeOIRbznIUEYDUlbUslIL+YEBR4jXW98k+vdR8IFjcJ7OYmJE6BhSH2KkVQjV2/agoYPNVuOiERuWqtn8Aqaxjm0q7AKCzFSL+QfpHNb9uNr1F29YhrmDHCZWAWpgAItV5/agwgnAQklZkiIvmXG0kkRlxQzkpXtRJAY4TEakr6iIQqIcNJZ0gye+hGHagk4O//2pigQYhJ4yhMgORKLWj78T+sn0r90UhrGiSQhVhal+QmDMoJ5YXBAOcGSTRRBmFO1JcQjxBGWqtayim8thl0mnZphmYZ116g0r4siSuAYnIAzYIEL0AS3oAXaAINnMAXv4EN70l60V+1tbl3RijtH4A+0r2+YOKGm</latexit><latexit sha1_base64="YH6f3KEyHrbfc9U+TREKAeUG1AI=">AAACI3icbVBLS8NAGNz4rPUV9ehlsQgeSkjail6EohePFewDmhg22027dPNgdyOUkJ+jf8aeRAUP/hc3bUBtndPsN7O734wXMyqkaX5qK6tr6xubpa3y9s7u3r5+cNgRUcIxaeOIRbznIUEYDUlbUslIL+YEBR4jXW98k+vdR8IFjcJ7OYmJE6BhSH2KkVQjV2/agoYPNVuOiERuWqtn8Aqaxjm0q7AKCzFSL+QfpHNb9uNr1F29YhrmDHCZWAWpgAItV5/agwgnAQklZkiIvmXG0kkRlxQzkpXtRJAY4TEakr6iIQqIcNJZ0gye+hGHagk4O//2pigQYhJ4yhMgORKLWj78T+sn0r90UhrGiSQhVhal+QmDMoJ5YXBAOcGSTRRBmFO1JcQjxBGWqtayim8thl0mnZphmYZ116g0r4siSuAYnIAzYIEL0AS3oAXaAINnMAXv4EN70l60V+1tbl3RijtH4A+0r2+YOKGm</latexit><latexit sha1_base64="YH6f3KEyHrbfc9U+TREKAeUG1AI=">AAACI3icbVBLS8NAGNz4rPUV9ehlsQgeSkjail6EohePFewDmhg22027dPNgdyOUkJ+jf8aeRAUP/hc3bUBtndPsN7O734wXMyqkaX5qK6tr6xubpa3y9s7u3r5+cNgRUcIxaeOIRbznIUEYDUlbUslIL+YEBR4jXW98k+vdR8IFjcJ7OYmJE6BhSH2KkVQjV2/agoYPNVuOiERuWqtn8Aqaxjm0q7AKCzFSL+QfpHNb9uNr1F29YhrmDHCZWAWpgAItV5/agwgnAQklZkiIvmXG0kkRlxQzkpXtRJAY4TEakr6iIQqIcNJZ0gye+hGHagk4O//2pigQYhJ4yhMgORKLWj78T+sn0r90UhrGiSQhVhal+QmDMoJ5YXBAOcGSTRRBmFO1JcQjxBGWqtayim8thl0mnZphmYZ116g0r4siSuAYnIAzYIEL0AS3oAXaAINnMAXv4EN70l60V+1tbl3RijtH4A+0r2+YOKGm</latexit>

→ the combined analysis under CPT 
conservation gives the best fit value:

sin2 ✓comb
23 = 0.467

<latexit sha1_base64="zhGHWzQ3rdIKTOMTmTCgcfffT1k=">AAACC3icbVA7T8MwGHTKq5RXgJHFoqrUKUpKRVmQKlgYi0QfUpNGjuu0Vp2HbAepivIT4M/AhICNjT/Av8EpGaDlpvN3Z+nuvJhRIU3zSyutrW9sbpW3Kzu7e/sH+uFRT0QJx6SLIxbxgYcEYTQkXUklI4OYExR4jPS92XWu9+8JFzQK7+Q8Jk6AJiH1KUZSnVy9bgsajhq2nBKJ3LRxlo3sAMkpD1IcBV4GL6FpNM9b0NWrpmEuAFeJVZAqKNBx9U97HOEkIKHEDAkxtMxYOinikmJGsoqdCBIjPEMTMlQ0RAERTrpolMGaH3GoMsHF+7c3RYEQ8zxZLc8plrX8+J82TKR/4aQ0jBNJQqwsSvMTBmUE82HgmHKCJZsrgjCnKiXEU8QRlmq+iqpvLZddJb2GYZmGddustq+KIcrgBJyCOrBAC7TBDeiALsDgETyDN/CuPWhP2ov2+mMtacWfY/AH2sc3HPeZrA==</latexit><latexit sha1_base64="zhGHWzQ3rdIKTOMTmTCgcfffT1k=">AAACC3icbVA7T8MwGHTKq5RXgJHFoqrUKUpKRVmQKlgYi0QfUpNGjuu0Vp2HbAepivIT4M/AhICNjT/Av8EpGaDlpvN3Z+nuvJhRIU3zSyutrW9sbpW3Kzu7e/sH+uFRT0QJx6SLIxbxgYcEYTQkXUklI4OYExR4jPS92XWu9+8JFzQK7+Q8Jk6AJiH1KUZSnVy9bgsajhq2nBKJ3LRxlo3sAMkpD1IcBV4GL6FpNM9b0NWrpmEuAFeJVZAqKNBx9U97HOEkIKHEDAkxtMxYOinikmJGsoqdCBIjPEMTMlQ0RAERTrpolMGaH3GoMsHF+7c3RYEQ8zxZLc8plrX8+J82TKR/4aQ0jBNJQqwsSvMTBmUE82HgmHKCJZsrgjCnKiXEU8QRlmq+iqpvLZddJb2GYZmGddustq+KIcrgBJyCOrBAC7TBDeiALsDgETyDN/CuPWhP2ov2+mMtacWfY/AH2sc3HPeZrA==</latexit><latexit sha1_base64="zhGHWzQ3rdIKTOMTmTCgcfffT1k=">AAACC3icbVA7T8MwGHTKq5RXgJHFoqrUKUpKRVmQKlgYi0QfUpNGjuu0Vp2HbAepivIT4M/AhICNjT/Av8EpGaDlpvN3Z+nuvJhRIU3zSyutrW9sbpW3Kzu7e/sH+uFRT0QJx6SLIxbxgYcEYTQkXUklI4OYExR4jPS92XWu9+8JFzQK7+Q8Jk6AJiH1KUZSnVy9bgsajhq2nBKJ3LRxlo3sAMkpD1IcBV4GL6FpNM9b0NWrpmEuAFeJVZAqKNBx9U97HOEkIKHEDAkxtMxYOinikmJGsoqdCBIjPEMTMlQ0RAERTrpolMGaH3GoMsHF+7c3RYEQ8zxZLc8plrX8+J82TKR/4aQ0jBNJQqwsSvMTBmUE82HgmHKCJZsrgjCnKiXEU8QRlmq+iqpvLZddJb2GYZmGddustq+KIcrgBJyCOrBAC7TBDeiALsDgETyDN/CuPWhP2ov2+mMtacWfY/AH2sc3HPeZrA==</latexit><latexit sha1_base64="zhGHWzQ3rdIKTOMTmTCgcfffT1k=">AAACC3icbVA7T8MwGHTKq5RXgJHFoqrUKUpKRVmQKlgYi0QfUpNGjuu0Vp2HbAepivIT4M/AhICNjT/Av8EpGaDlpvN3Z+nuvJhRIU3zSyutrW9sbpW3Kzu7e/sH+uFRT0QJx6SLIxbxgYcEYTQkXUklI4OYExR4jPS92XWu9+8JFzQK7+Q8Jk6AJiH1KUZSnVy9bgsajhq2nBKJ3LRxlo3sAMkpD1IcBV4GL6FpNM9b0NWrpmEuAFeJVZAqKNBx9U97HOEkIKHEDAkxtMxYOinikmJGsoqdCBIjPEMTMlQ0RAERTrpolMGaH3GoMsHF+7c3RYEQ8zxZLc8plrX8+J82TKR/4aQ0jBNJQqwsSvMTBmUE82HgmHKCJZsrgjCnKiXEU8QRlmq+iqpvLZddJb2GYZmGddustq+KIcrgBJyCOrBAC7TBDeiALsDgETyDN/CuPWhP2ov2+mMtacWfY/AH2sc3HPeZrA==</latexit>

→ real true values disfavored at 
close to 3σ (neutrino) and more 
than 5σ (antineutrino)

Barenboim, Ternes, MT, PLB2018



Mariam Tórtola (IFIC-CSIC/UValencia) Galileo Galilei Institute 2025169

CPT-violating analysis of T2K and NOvA (normal ordering)

✦ all values of δ and δ remain 

allowed at ~ 1σ

-

✦ θ13 ≠ θ13 can account for 

different behavior in neutrino 

and antineutrino channels

-

⇒ very poor sensitivity on CP 

violation compared to CPT-

conserving scenario

Barenboim, Ternes,  MT, JHEP2020

The T2K-NOνA δCP tension

✦ the tension appears only in 

the ν channel, with less 

sensitivity

-




