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Outline

✦ Introduction to neutrino physics

✦ Three-flavour neutrino oscillations

✦ Beyond the three-neutrino scenario

✦ The Standard Model Extension (SME)

✓ CPT invariance violation

✓ Lorentz invariance violation
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Introduction to 
neutrino physics
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✦ neutrinos come in 3 flavours,         
corresponding to the charged lepton 
associated 

✦ they belong to SU(2) lepton doublets
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✦ There are no SU(2) neutrino singlets 
(alike eR, μR, τR): neutrinos are left 
handed and antineutrinos right handed

✦ Neutrinos are massless in the SM: there is no mechanism to implement 
neutrino masses

Neutrinos in the Standard Model
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Why neutrinos are so important?

✦ they can probe environments that other techniques cannot: SN 
explosions, core of the Sun,... 

✦ their role is crucial for the evolution of the universe (Big Bang 
Nucleosynthesis, structure formation) 

✦ they could help explaining the  matter-antimatter asymmetry of the 
Universe (leptogenesis mechanism) 

✦ they could be a component of the dark matter of the universe. 

✦ they provide the first evidence for physics beyond the SM!!! 
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✦ they can probe environments that other techniques cannot: SN 
explosions, core of the Sun,... 

✦ their role is crucial for the evolution of the universe (Big Bang 
Nucleosynthesis, structure formation) 

✦ they could help explaining the  matter-antimatter asymmetry of the 
Universe (leptogenesis mechanism) 

✦ they could be a component of the dark matter of the universe. 

✦ they provide the first evidence for physics beyond the SM!!! 

However: there are still many open questions 
in neutrino physics

Why neutrinos are so important?
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Astrophysical Sources              
       TXS 0506 + 056     ✓

Origin of Universe 

        Indirect evidence

Nuclear Reactors✓

 Particle  Accelerators ✓

Earth Atmosphere 
(Comic Rays)

✓

Sun ✓

Supernova explosions 
SN 1987A ✓

Earth Crust  
(Natural Radioactivity)

✓

What we know about neutrinos
✦ We have observed neutrinos from a variety of sources
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Astrophysical Sources              
       TXS 0506 + 056     ✓

Origin of Universe 

        Indirect evidence

Nuclear Reactors✓

 Particle  Accelerators ✓

Earth Atmosphere 
(Comic Rays)

✓

Sun ✓

Supernova explosions 
SN 1987A ✓

Earth Crust  
(Natural Radioactivity)

✓

What we know about neutrinos
✦ They are extremely abundant (9 orders of magnitude wrt p, e- )

600 billions

50.000 millions 

10.000 millions
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What we know about neutrinos

✦ They experience flavour oscillations:  να→ νβ  (L/E dependence)
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What we know about neutrinos

✦ They experience flavour oscillations:  να→ νβ  (L/E dependence)

Solar ν anomaly

solar νe arrive to Earth as  
1/3 νe + 1/3 νμ + 1/3 ντ 
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What we know about neutrinos

✦ They experience flavour oscillations:  να→ νβ  (L/E dependence)

Solar ν anomaly Atmospheric ν anomaly

solar νe arrive to Earth as  
1/3 νe + 1/3 νμ + 1/3 ντ 

oscillation channel 
νμ →ντ  
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What we know about neutrinos

✦ They experience flavour oscillations:  να→ νβ  (L/E dependence)

Solar ν anomaly Atmospheric ν anomaly

solar νe arrive to Earth as  
1/3 νe + 1/3 νμ + 1/3 ντ 

oscillation channel 
νμ →ντ  

2015 Nobel Prize 
in Physics
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What we know about neutrinos

✦ They experience flavour oscillations:  να→ νβ  (L/E dependence)

Solar ν anomaly Atmospheric ν anomaly

solar νe arrive to Earth as  
1/3 νe + 1/3 νμ + 1/3 ντ 

Confirmed by 
KamLAND !!

oscillation channel 
νμ →ντ  

2015 Nobel Prize 
in Physics



@MariamTortola (IFIC-UValencia/CSIC) QGMM_BCN2019 - 02/10/201910

What we know about neutrinos

✦ Existence of flavour oscillations imply they are massive.

✦ Limits on neutrino masses:
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What we know about neutrinos

✦ Existence of flavour oscillations imply they are massive.

✦ Limits on neutrino masses:

KATRIN (tritium decay)

mν < 1.1 eV (90% C.L.)

KATRIN Collab, arXiv:1909.06048
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What we know about neutrinos

✦ Existence of flavour oscillations imply they are massive.

✦ Limits on neutrino masses:

KATRIN (tritium decay)
Cosmological measurements

Σ mνi < 0.14- 0.72 eV (95% C.L.) 

→ anisotropies in the CMB spectrum

→ Large Scale Structure formation

→ weak gravitational lensing

 Fit ΛCDM model + experimental data 
(WMAP, PLANCK, HST, LSS,...)

Lattanzi & Gerbino, arXiv:1712.07109

mν < 1.1 eV (90% C.L.)

KATRIN Collab, arXiv:1909.06048
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What we know about neutrinos

✦ Existence of flavour oscillations imply they are massive.

✦ Limits on neutrino masses:

KATRIN (tritium decay)
Cosmological measurements

Σ mνi < 0.14- 0.72 eV (95% C.L.) 

→ anisotropies in the CMB spectrum

→ Large Scale Structure formation

→ weak gravitational lensing

 Fit ΛCDM model + experimental data 
(WMAP, PLANCK, HST, LSS,...)

Lattanzi & Gerbino, arXiv:1712.07109

0νββ decay

[M. Manganaro, Neutrino Exp] 
[S. Stoica WG discussion]

mν < 1.1 eV (90% C.L.)

KATRIN Collab, arXiv:1909.06048
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Three-flavour 
neutrino oscillations
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✓ 3 mixing angles: θ12, θ23, θ13  

✓ 3 CP phases: 1 Dirac + 2 Majorana 

✓ 3 masses: m1, m2, m3  

NO IO
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 ⇒ absolute neutrino mass: m0

⇒ two mass splittings:

The 3-flavour ν picture
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✦ Currently, we have evidence for neutrino oscillations in       
atmospheric, solar, reactor and accelerator experiments 

✦ Each experiment is sensitive to different mixing parameters:

Δm231 Δm221

atmospheric + 
accelerator disapp

solar + 
KamLAND

SBL reactor + 
accelerator app

Δm231

Three-neutrino mixing
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✦ Currently, we have evidence for neutrino oscillations in       
atmospheric, solar, reactor and accelerator experiments 

✦ Each experiment is sensitive to different mixing parameters:

Δm231 Δm221

atmospheric + 
accelerator disapp

solar + 
KamLAND

SBL reactor + 
accelerator app

Δm231

Three-neutrino mixing
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15

Solar experiments have measured neutrino disappearance for ∼ 50 years 

different exper. techniques
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✦ KamLAND confirms solar ν oscillations. 

✦ Best fit point:
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➡  Bound on Δm2
21  dominated by KamLAND.

➡  Bound on θ12 dominated by solar data.

Combined analysis solar + KamLAND

de Salas et al, 
PLB782 (2018) 633 

➡ mismatch between Δm2
21 from solar and KamLAND 

sin2θ12 = 0.321 + 0.018                                

Δm2
21  = (7.56 ± 0.19) x 10-5  eV2

-0.016

✦ max. mixing excluded at more than 7σ
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✦ Currently, we have evidence for neutrino oscillations in       
atmospheric, solar, reactor and accelerator experiments 

✦ Each experiment is sensitive to different mixing parameters:

Δm231 Δm221

atmospheric + 
accelerator disapp

solar + 
KamLAND

SBL reactor + 
accelerator app

Δm231

Three-neutrino mixing
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GOAL: observation of νμ disappearance, νe appearance and spectral 
distortions expected in the case of neutrino oscillations

→ consistent with atmospheric data 
→ atm ν oscillations confirmed by laboratory exps

LBL accelerator experiments

MINOS

T2K

735
km

NOvA

Feb2005 - Jun2016

From Jan2010

now running in  
antineutrino channel 

From Oct2014

now  running in 
antineutrino channel 
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all experiments prefer mixing angle close to maximal

✦ MINOS neutrino + antineutrino)  

✦ T2K (neutrino + antineutrino)  

✦ NOvA (only neutrino data)

LBL accelerator experiments

Update in progress
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✦ Currently, we have evidence for neutrino oscillations in       
atmospheric, solar, reactor and accelerator experiments 

✦ Each experiment is sensitive to different mixing parameters:

Δm231 Δm221

atmospheric + 
accelerator disapp

solar + 
KamLAND

SBL reactor + 
accelerator app

Δm231

Three-neutrino mixing

Most recent measurement: 2012 !!
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2 cores + 1 ND + 1 FD6 cores + 4 ND + 4FD 6 cores + 1 ND + 1 FD

✦ more powerful reactors  

✦ larger detector volume 

✦ 2-8 detectors at 100 m – 1 km

New generation of reactor experiments
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What we know about neutrinos
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Neutrino oscillation parameters

See also  

✦ NuFit Collab. 

✦  Lisi et al.
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Neutrino oscillation parameters

See also  

✦ NuFit Collab. 

✦  Lisi et al.
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Neutrino oscillation parameters

See also  

✦ NuFit Collab. 

✦  Lisi et al.
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Neutrino oscillation parameters

See also  

✦ NuFit Collab. 

✦  Lisi et al.
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Neutrino oscillation parameters

See also  

✦ NuFit Collab. 

✦  Lisi et al.
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Beyond the  
3-neutrino scenario
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✦ Neutrino results suggest the presence of physics BSM to explain:
✓ light neutrino masses (mass generation mechanism?)
✓ large neutrino mixing compared to quark sector (flavour problem?)
✓ short-distance anomalies

✦ Many different scenarios BSM considered:
✓neutrino non-standard interactions (NSI) with matter
✓exotic neutrino electromagnetic properties
✓presence of light sterile neutrinos
✓mixing with heavy sterile neutrinos: non-unitary neutrino mixing
✓…. 

Physics Beyond the SM
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How many neutrinos?

Experimental hints for a 4th sterile neutrino:

Nν = 2.984 ± 0.008 (light, active neutrinos)

LSND & MiniBooNE Reactor anomaly Gallium anomaly
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✦ LEP measurements of invisible Z decay width: 
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Global 3+1 oscillation analysis

strong tension between appearance 
(LSND/MB) and disappearance exp. 

(CDHS, SK, IceCube, MINOS/+)
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Cosmological observations

Neff = relativistic degrees of freedom

Σmν = sum of neutrino masses
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However…

S. Gariazzo@ TAUP 2019

Global 3+1 oscillation analysis

strong tension between appearance 
(LSND/MB) and disappearance exp. 

(CDHS, SK, IceCube, MINOS/+)

Cosmological observations

Neff = relativistic degrees of freedom

Σmν = sum of neutrino masses

→ Neff ≈ 4

> 1 eV

✦The sterile hypothesis requires

X
m⌫ & 0.05 eV +

q
�m2

41 > 1 eV
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However…

S. Gariazzo@ TAUP 2019

Global 3+1 oscillation analysis

strong tension between appearance 
(LSND/MB) and disappearance exp. 

(CDHS, SK, IceCube, MINOS/+)

Cosmological observations

Neff = relativistic degrees of freedom

Σmν = sum of neutrino masses

→ Neff ≈ 4

> 1 eV

Neff = 3.15 ± 0.23 (PLANCK) 
Neff = 3.03 ± 0.18 (PLANCK + LSS)

Σmν < 0.14 - 0.72 eV < 1 eV !!!!

✦The sterile hypothesis requires

✦ Recent results:

X
m⌫ & 0.05 eV +

q
�m2

41 > 1 eV
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New physics beyond the SM

✦ appear in models of neutrino masses

✦ affect precision on oscillation parameters 

Non-standard interactions 
(NSI)

✦ sensitivity reach of upcoming experiments

→ degenerate solution 
 with θ12 > π/4

Gouvea and Kelly,  
NPB 2016

→ θ23-degeneracy 

in DUNE

Miranda et al,  
JHEP 2006
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New physics beyond the SM

✦ appear in models of neutrino masses

✦ affect precision on oscillation parameters 

Non-standard interactions 
(NSI)

✦ sensitivity reach of upcoming experiments

→ degenerate solution 
 with θ12 > π/4

Gouvea and Kelly,  
NPB 2016

→ θ23-degeneracy 

in DUNE

Miranda et al,  
JHEP 2006

Non-unitary 3ν 
mixing

✦ Most models of neutrino 
masses → extra heavy states 

✦ NxN unitary mixing matrix                      
→ (3x3) mixing matrix non-unitary:
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→ degeneracies 
in δ determination 

in DUNE

Miranda, MT, 
Valle,  PRL 2016

✓
0 MD

MT
D MR

◆
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Lorentz and CPT 
invariance violation 

in ν oscillations
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The Standard Model Extension

✦ The SME, developed by Kostelecky and collaborators:

✦ Lorentz and CPT symmetries are the basis for local relativistic 
quantum field theories.

✦ Motivated by current high-precision experiments, one may try to probe 
such symmetries: the observation of Lorentz or CPT violation will provide a 
signal for new physics (Quantum Gravity theories, String Theories)

➡ the physical source of Lorentz and CPT violation is spontaneous 
symmetry breaking, that may happen in complicated theories.

➡ contains all the properties of the SM + General Relativity except that 
Lorentz and CPT symmetry can be violated.

https://lorentz.sitehost.iu.edu/kostelecky/faq.htmlMore details in:

➡ suggests that breaking of CPT and Lorentz symmetry might be 
observable at current or near-future experiments

https://lorentz.sitehost.iu.edu/kostelecky/faq.html
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✦ In the SME, the neutrino sector is described by

where 

✦ Lorentz-violating lagrangian is parametrized as

is the Lorentz-violating operator  Q
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Lorentz violation in  ν experiments

Kostelecky et al.

➡ This scenario has been explored in the context of many neutrino 
experiments: MINOS, IceCube, SNO,…

[M. Manganaro, Neutrino Exp] 
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 The effective neutrino Hamiltonian in this scenario is given by

with

H = Hvac +Hmat +HLIV
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Lorentz violation in  DUNE
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 The effective neutrino Hamiltonian in this scenario is given by

with
highly 

constrained by 
atmospheric 

data (for LE exp)

H = Hvac +Hmat +HLIV
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 The effective neutrino Hamiltonian in this scenario is given by

with
highly 

constrained by 
atmospheric 

data (for LE exp)

we focus 
on this matrix 

(CPT-odd part)

H = Hvac +Hmat +HLIV
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 The effective neutrino Hamiltonian in this scenario is given by

with
highly 

constrained by 
atmospheric 

data (for LE exp)

we focus 
on this matrix 

(CPT-odd part)

Pμe oscillation 
probabilities in 
DUNE are 
modified in 
presence of 
Lorentz violation

Barenboim, Masud, 
Ternes, MT,PLB2019

H = Hvac +Hmat +HLIV
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✦ DUNE’s sensitivity to Lorentz-violating parameters

Barenboim, Masud, Ternes, MT,PLB2019

Lorentz violation in  DUNE

✦ DUNE simulation: → disapp + app channels  
→ 3.5 yr neutrino + 3.5 yr antineutrino run 

 (SK-atm)

(DUNE)
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✦ DUNE’s sensitivity to Lorentz-violating parameters

Factor 5 
improvement

Barenboim, Masud, Ternes, MT,PLB2019

Lorentz violation in  DUNE

✦ DUNE simulation: → disapp + app channels  
→ 3.5 yr neutrino + 3.5 yr antineutrino run 

 (SK-atm)

(DUNE)
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✦ DUNE’s sensitivity to Lorentz-violating parameters

Factor 5 
improvement

No 
improvement

Barenboim, Masud, Ternes, MT,PLB2019

Lorentz violation in  DUNE

✦ DUNE simulation: → disapp + app channels  
→ 3.5 yr neutrino + 3.5 yr antineutrino run 

 (SK-atm)

(DUNE)
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✦ DUNE’s sensitivity to Lorentz-violating parameters

Factor 5 
improvement

No 
improvement

new bounds

Barenboim, Masud, Ternes, MT,PLB2019

Lorentz violation in  DUNE

✦ DUNE simulation: → disapp + app channels  
→ 3.5 yr neutrino + 3.5 yr antineutrino run 

 (SK-atm)

(DUNE)
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Violation of CPT  symmetry
✦ CPT is presently observed as an exact symmetry of nature. 
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Violation of CPT  symmetry

Parity violation in weak 
interactions?

✦ CPT is presently observed as an exact symmetry of nature. 
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Violation of CPT  symmetry

Parity violation in weak 
interactions?

P violated: what about CP?

✦ CPT is presently observed as an exact symmetry of nature. 
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Violation of CPT  symmetry

Parity violation in weak 
interactions?

P violated: what about CP?

Evidence for CP 
violation

✦ CPT is presently observed as an exact symmetry of nature. 
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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 , �)
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✦ 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
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<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>

(�m
2
ji, ✓ij , �)

<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

Can DUNE improve these 

bounds?
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✦ Very good sensitivity to differences in atmospheric parameters

→ one order of magnitude improvement:

(3σ)

→ excellent sensitivity for max mixing

→ oscillating results for high and low 
octant due to degeneracies

CPT  sensitivity in DUNE
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✦ Very good sensitivity 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  sensitivity in DUNE
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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
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Summary
✦ Important discoveries on neutrino physics along last century have 
provided the first evidence for physics beyond the Standard Model.

✦ Neutrino oscillations are well stablished with observations in several 
experiments, with natural and artificial sources.

➡ Oscillation parameters accurately measured (≲ 6%) by the combination 
of different experiments.

➡ First indications for normal mass ordering and maximal CP violation.

✦ Several scenarios of physics BSM motivated by the building of 
neutrino mass models and the observation of anomalies are being 
explored (NSI, sterile neutrinos, Non-unitary 3-neutrino mixing).

✦ Scenarios motivated by Quantum Gravity developments may also 
produce interesting phenomenology in neutrino experiments (violation 
of CPT and Lorentz invariance symmetries).
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Backup slides
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CPT  sensitivity in DUNE

 DUNE’s simulation: 
→ disappearance + appearance channels  
→ 3.5 yr neutrino run + 3.5 yr antineutrino run 
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CPT  sensitivity in DUNE

 DUNE’s simulation: 

 Sensitivity to the difference between neutrino and antineutrino params.

�x = |x� x|
<latexit sha1_base64="JhDuJnPDf8iWU3nGZJHQdVWO7Lc=">AAACAHicbVDLSsNAFJ3UV62vqEsRBovgxpKIoBuhqAuXFewDmlAm05t26OTBzERa0m70Z3Ql6s5v8Af8Gyc1C209q3PvOXeYc7yYM6ks68soLCwuLa8UV0tr6xubW+b2TkNGiaBQpxGPRMsjEjgLoa6Y4tCKBZDA49D0BleZ3rwHIVkU3qlRDG5AeiHzGSVKrzrmvnMNXBE8xBd4PMTH2Im0PXstHU7GHbNsVawp8Dyxc1JGOWod89PpRjQJIFSUEynbthUrNyVCMcphUnISCTGhA9KDtqYhCUC66TTGBB/6kcCqD3g6//amJJByFHjaExDVl7NatvxPayfKP3dTFsaJgpBqi9b8hGMV4awN3GUCqOIjTQgVTP8S0z4RhCrdWUnHt2fDzpPGScW2Kvbtabl6mRdRRHvoAB0hG52hKrpBNVRHFD2iZ/SG3o0H48l4MV5/rAUjv9lFf2B8fAO6cJXK</latexit><latexit sha1_base64="JhDuJnPDf8iWU3nGZJHQdVWO7Lc=">AAACAHicbVDLSsNAFJ3UV62vqEsRBovgxpKIoBuhqAuXFewDmlAm05t26OTBzERa0m70Z3Ql6s5v8Af8Gyc1C209q3PvOXeYc7yYM6ks68soLCwuLa8UV0tr6xubW+b2TkNGiaBQpxGPRMsjEjgLoa6Y4tCKBZDA49D0BleZ3rwHIVkU3qlRDG5AeiHzGSVKrzrmvnMNXBE8xBd4PMTH2Im0PXstHU7GHbNsVawp8Dyxc1JGOWod89PpRjQJIFSUEynbthUrNyVCMcphUnISCTGhA9KDtqYhCUC66TTGBB/6kcCqD3g6//amJJByFHjaExDVl7NatvxPayfKP3dTFsaJgpBqi9b8hGMV4awN3GUCqOIjTQgVTP8S0z4RhCrdWUnHt2fDzpPGScW2Kvbtabl6mRdRRHvoAB0hG52hKrpBNVRHFD2iZ/SG3o0H48l4MV5/rAUjv9lFf2B8fAO6cJXK</latexit><latexit sha1_base64="JhDuJnPDf8iWU3nGZJHQdVWO7Lc=">AAACAHicbVDLSsNAFJ3UV62vqEsRBovgxpKIoBuhqAuXFewDmlAm05t26OTBzERa0m70Z3Ql6s5v8Af8Gyc1C209q3PvOXeYc7yYM6ks68soLCwuLa8UV0tr6xubW+b2TkNGiaBQpxGPRMsjEjgLoa6Y4tCKBZDA49D0BleZ3rwHIVkU3qlRDG5AeiHzGSVKrzrmvnMNXBE8xBd4PMTH2Im0PXstHU7GHbNsVawp8Dyxc1JGOWod89PpRjQJIFSUEynbthUrNyVCMcphUnISCTGhA9KDtqYhCUC66TTGBB/6kcCqD3g6//amJJByFHjaExDVl7NatvxPayfKP3dTFsaJgpBqi9b8hGMV4awN3GUCqOIjTQgVTP8S0z4RhCrdWUnHt2fDzpPGScW2Kvbtabl6mRdRRHvoAB0hG52hKrpBNVRHFD2iZ/SG3o0H48l4MV5/rAUjv9lFf2B8fAO6cJXK</latexit><latexit sha1_base64="JhDuJnPDf8iWU3nGZJHQdVWO7Lc=">AAACAHicbVDLSsNAFJ3UV62vqEsRBovgxpKIoBuhqAuXFewDmlAm05t26OTBzERa0m70Z3Ql6s5v8Af8Gyc1C209q3PvOXeYc7yYM6ks68soLCwuLa8UV0tr6xubW+b2TkNGiaBQpxGPRMsjEjgLoa6Y4tCKBZDA49D0BleZ3rwHIVkU3qlRDG5AeiHzGSVKrzrmvnMNXBE8xBd4PMTH2Im0PXstHU7GHbNsVawp8Dyxc1JGOWod89PpRjQJIFSUEynbthUrNyVCMcphUnISCTGhA9KDtqYhCUC66TTGBB/6kcCqD3g6//amJJByFHjaExDVl7NatvxPayfKP3dTFsaJgpBqi9b8hGMV4awN3GUCqOIjTQgVTP8S0z4RhCrdWUnHt2fDzpPGScW2Kvbtabl6mRdRRHvoAB0hG52hKrpBNVRHFD2iZ/SG3o0H48l4MV5/rAUjv9lFf2B8fAO6cJXK</latexit>
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→ disappearance + appearance channels  
→ 3.5 yr neutrino run + 3.5 yr antineutrino run 
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CPT  sensitivity in DUNE

 DUNE’s simulation: 

 Sensitivity to the difference between neutrino and antineutrino params.

�x = |x� x|
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 Poor sensitivity to 
differences in CP 
phase and reactor 
angle 

Barenboim, Ternes, MT, PLB2018

→ disappearance + appearance channels  
→ 3.5 yr neutrino run + 3.5 yr antineutrino run 

→ three different values 
of θ23 considered
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 The sensitivity to the standard parameters gets worse

Barenboim, Masud, Ternes, MT,PLB2019

Lorentz violation in  ν oscillations
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 DUNE’s sensitivity to Lorentz-violating parameters
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Lorentz violation in  ν oscillations
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✦ NSI appear in models of neutrino masses

✦ NSI may affect oscillation parameters 

✦ Information about the size of NSI could be very 
useful for neutrino model building

f f’

να νβ

⇒ sensitivity reach of upcoming experiments(degeneracies)

⇒ precision measurements at current experiments

Neutrino NSI with matter

→ NSI violate lepton flavor (FC-NSI)

→ NSI violate lepton universality (NU-NSI)

⇒ mainly affecting neutrino propagation in matter 
 (but also detection in Super-K & Borexino)        

LNC�NSI = �2
p
2GF ✏fX↵� (⌫̄↵�

µPL⌫�)
�
f̄�µPXf

�

✏↵� 6= 0
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✏↵↵ � ✏�� 6= 0
<latexit sha1_base64="wpMqy+r368LsM8/Sj0c9tOJJ/38=">AAACGHicdVDLSsNAFJ34tr6iLt0MFsGNJakJ7VJ047KCVaEp5WZ62w5OHs5MhBL6I/ozuhIfK3f+jdO0goqexeXMPefCnBOmgivtOB/WzOzc/MLi0nJpZXVtfcPe3LpQSSYZNlkiEnkVgkLBY2xqrgVepRIhCgVehtcnY/3yFqXiSXyuhym2I+jHvMcZaLPq2H6AqeLC0DwAkQ5gMkf0gH5TQtRQjFEQ4w11OnbZqbi+U/Xr1KlUXb9W8ww5dD3P9albcQqUyRSNjv0WdBOWRRhrJkCpluukup2D1JwJHJWCTGEK7Br62DI0hghVOy/ijeheL5FUD5AW7+/eHCKlhlFoPBHogfqtjZd/aa1M9+rtnMdppjFmxmK0XiaoTui4JdrlEpkWQ0OASW5+SdkAJDBtuiyZ+F8Z6f/kolpxTUtnXvnoeFrEEtkhu2SfuKRGjsgpaZAmYeSePJIX8mrdWQ/Wk/U8sc5Y05tt8gPW+ycf36D+</latexit><latexit sha1_base64="wpMqy+r368LsM8/Sj0c9tOJJ/38=">AAACGHicdVDLSsNAFJ34tr6iLt0MFsGNJakJ7VJ047KCVaEp5WZ62w5OHs5MhBL6I/ozuhIfK3f+jdO0goqexeXMPefCnBOmgivtOB/WzOzc/MLi0nJpZXVtfcPe3LpQSSYZNlkiEnkVgkLBY2xqrgVepRIhCgVehtcnY/3yFqXiSXyuhym2I+jHvMcZaLPq2H6AqeLC0DwAkQ5gMkf0gH5TQtRQjFEQ4w11OnbZqbi+U/Xr1KlUXb9W8ww5dD3P9albcQqUyRSNjv0WdBOWRRhrJkCpluukup2D1JwJHJWCTGEK7Br62DI0hghVOy/ijeheL5FUD5AW7+/eHCKlhlFoPBHogfqtjZd/aa1M9+rtnMdppjFmxmK0XiaoTui4JdrlEpkWQ0OASW5+SdkAJDBtuiyZ+F8Z6f/kolpxTUtnXvnoeFrEEtkhu2SfuKRGjsgpaZAmYeSePJIX8mrdWQ/Wk/U8sc5Y05tt8gPW+ycf36D+</latexit><latexit sha1_base64="wpMqy+r368LsM8/Sj0c9tOJJ/38=">AAACGHicdVDLSsNAFJ34tr6iLt0MFsGNJakJ7VJ047KCVaEp5WZ62w5OHs5MhBL6I/ozuhIfK3f+jdO0goqexeXMPefCnBOmgivtOB/WzOzc/MLi0nJpZXVtfcPe3LpQSSYZNlkiEnkVgkLBY2xqrgVepRIhCgVehtcnY/3yFqXiSXyuhym2I+jHvMcZaLPq2H6AqeLC0DwAkQ5gMkf0gH5TQtRQjFEQ4w11OnbZqbi+U/Xr1KlUXb9W8ww5dD3P9albcQqUyRSNjv0WdBOWRRhrJkCpluukup2D1JwJHJWCTGEK7Br62DI0hghVOy/ijeheL5FUD5AW7+/eHCKlhlFoPBHogfqtjZd/aa1M9+rtnMdppjFmxmK0XiaoTui4JdrlEpkWQ0OASW5+SdkAJDBtuiyZ+F8Z6f/kolpxTUtnXvnoeFrEEtkhu2SfuKRGjsgpaZAmYeSePJIX8mrdWQ/Wk/U8sc5Y05tt8gPW+ycf36D+</latexit><latexit sha1_base64="wpMqy+r368LsM8/Sj0c9tOJJ/38=">AAACGHicdVDLSsNAFJ34tr6iLt0MFsGNJakJ7VJ047KCVaEp5WZ62w5OHs5MhBL6I/ozuhIfK3f+jdO0goqexeXMPefCnBOmgivtOB/WzOzc/MLi0nJpZXVtfcPe3LpQSSYZNlkiEnkVgkLBY2xqrgVepRIhCgVehtcnY/3yFqXiSXyuhym2I+jHvMcZaLPq2H6AqeLC0DwAkQ5gMkf0gH5TQtRQjFEQ4w11OnbZqbi+U/Xr1KlUXb9W8ww5dD3P9albcQqUyRSNjv0WdBOWRRhrJkCpluukup2D1JwJHJWCTGEK7Br62DI0hghVOy/ijeheL5FUD5AW7+/eHCKlhlFoPBHogfqtjZd/aa1M9+rtnMdppjFmxmK0XiaoTui4JdrlEpkWQ0OASW5+SdkAJDBtuiyZ+F8Z6f/kolpxTUtnXvnoeFrEEtkhu2SfuKRGjsgpaZAmYeSePJIX8mrdWQ/Wk/U8sc5Y05tt8gPW+ycf36D+</latexit>
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NSI in solar ν sector
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NSI in solar ν sector

⇒ degenerate solar solution
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NSI in solar ν sector

⇒ degenerate solar solution

Miranda et al, JHEP 2006
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NSI in solar ν sector

⇒ degenerate solar solution

Miranda et al, JHEP 2006

Maltoni & Smirnov, EPJ 2015

⇒ reconciles tension between  Δm2
21  

       @ KamLAND and solar data 
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Standard 3ν oscillations
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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 at future LBL experiments

(δ-𝜖ee-𝜖eτ) degeneracy in DUNE

Coloma, JHEP 2016
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NSI at future LBL experiments

⇒ it may affect CP-violation sensitivity

(δ-𝜖ee-𝜖eτ) degeneracy in DUNE

Coloma, JHEP 2016
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✓NSI in neutrino propagation in matter:

✏fV↵� = ✏fL↵� + ✏fR↵� (NSI at detection:        ,     )

NSI: Notation

✏fV↵� = ✏fL↵� + ✏fR↵�
<latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit>

✏fL↵� , ✏fR↵�
<latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit>
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✓NSI in neutrino propagation in matter:

✏fV↵� = ✏fL↵� + ✏fR↵�

✓ In ordinary matter (e, p, n) → (e, u ,d) 

with

(NSI at detection:        ,     )

NSI: Notation

✏fV↵� = ✏fL↵� + ✏fR↵�
<latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit>

✏fL↵� , ✏fR↵�
<latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit>

✏↵� ⌘ ✏eV↵� +
Nu

Ne
✏uV↵� +

Nd

Ne
✏dV↵�

<latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit>

VNSI / ✏↵�Ne
<latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit>
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✓NSI in neutrino propagation in matter:

✏fV↵� = ✏fL↵� + ✏fR↵�

✓ In ordinary matter (e, p, n) → (e, u ,d) 

✓However:

with

with

(NSI at detection:        ,     )

NSI: Notation

✏fV↵� = ✏fL↵� + ✏fR↵�
<latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit>

✏fL↵� , ✏fR↵�
<latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit>

✏↵� ⌘ ✏eV↵� +
Nu

Ne
✏uV↵� +

Nd

Ne
✏dV↵�

<latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit>

VNSI / ✏↵�Ne
<latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit>

✏↵� =
X

f

Nf

Nd
✏fV↵�

<latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit><latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit><latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit><latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit>

VNSI / ✏↵�Nd
<latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit><latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit><latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit><latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit>
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✓NSI in neutrino propagation in matter:

✏fV↵� = ✏fL↵� + ✏fR↵�

✓ In ordinary matter (e, p, n) → (e, u ,d) 

✓However:

with

with

(NSI at detection:        ,     )

Sun: Earth: 

NSI: Notation

✏fV↵� = ✏fL↵� + ✏fR↵�
<latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit>

✏fL↵� , ✏fR↵�
<latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit>

✏↵� ⌘ ✏eV↵� +
Nu

Ne
✏uV↵� +

Nd

Ne
✏dV↵�

<latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit>

VNSI / ✏↵�Ne
<latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit>

✏↵� =
X

f

Nf

Nd
✏fV↵�

<latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit><latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit><latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit><latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit>

VNSI / ✏↵�Nd
<latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit><latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit><latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit><latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit>

Nu/Ne ' 2Nd/Ne ' 1
<latexit sha1_base64="JNbCCHAEQEZTud7iG8Vfgm8ljQc=">AAACBHicdVBLTwIxGOziC/GFevRSJSaecIts4Ej04olgIo8EyKZbPqCh+7DtmpANV/0zejLqzV/gH/DfWBATNDqn6cw0+Wa8SHClbfvDSi0tr6yupdczG5tb2zvZ3b2GCmPJoM5CEcqWRxUIHkBdcy2gFUmgvieg6Y0upn7zFqTiYXCtxxF0fToIeJ8zqo3kZg+rbnxadQF3FPfhBhdw1e0tCsTN5uw8ceyCU8Z2vkCcUqloyBkpFomDSd6eIYfmqLnZ904vZLEPgWaCKtUmdqS7CZWaMwGTTCdWEFE2ogNoGxpQH1Q3mVWZ4ON+KLEeAp69F7MJ9ZUa+57J+FQP1W9vKv7ltWPdL3cTHkSxhoCZiPH6scA6xNNFcI9LYFqMDaFMcnMlZkMqKdNmt4yp/90R/08ahTwxK10Vc5Xz+RBpdICO0AkiqIQq6BLVUB0xdI8e0Qt6te6sB+vJev6Kpqz5n330A9bbJzswlnk=</latexit><latexit sha1_base64="JNbCCHAEQEZTud7iG8Vfgm8ljQc=">AAACBHicdVBLTwIxGOziC/GFevRSJSaecIts4Ej04olgIo8EyKZbPqCh+7DtmpANV/0zejLqzV/gH/DfWBATNDqn6cw0+Wa8SHClbfvDSi0tr6yupdczG5tb2zvZ3b2GCmPJoM5CEcqWRxUIHkBdcy2gFUmgvieg6Y0upn7zFqTiYXCtxxF0fToIeJ8zqo3kZg+rbnxadQF3FPfhBhdw1e0tCsTN5uw8ceyCU8Z2vkCcUqloyBkpFomDSd6eIYfmqLnZ904vZLEPgWaCKtUmdqS7CZWaMwGTTCdWEFE2ogNoGxpQH1Q3mVWZ4ON+KLEeAp69F7MJ9ZUa+57J+FQP1W9vKv7ltWPdL3cTHkSxhoCZiPH6scA6xNNFcI9LYFqMDaFMcnMlZkMqKdNmt4yp/90R/08ahTwxK10Vc5Xz+RBpdICO0AkiqIQq6BLVUB0xdI8e0Qt6te6sB+vJev6Kpqz5n330A9bbJzswlnk=</latexit><latexit sha1_base64="JNbCCHAEQEZTud7iG8Vfgm8ljQc=">AAACBHicdVBLTwIxGOziC/GFevRSJSaecIts4Ej04olgIo8EyKZbPqCh+7DtmpANV/0zejLqzV/gH/DfWBATNDqn6cw0+Wa8SHClbfvDSi0tr6yupdczG5tb2zvZ3b2GCmPJoM5CEcqWRxUIHkBdcy2gFUmgvieg6Y0upn7zFqTiYXCtxxF0fToIeJ8zqo3kZg+rbnxadQF3FPfhBhdw1e0tCsTN5uw8ceyCU8Z2vkCcUqloyBkpFomDSd6eIYfmqLnZ904vZLEPgWaCKtUmdqS7CZWaMwGTTCdWEFE2ogNoGxpQH1Q3mVWZ4ON+KLEeAp69F7MJ9ZUa+57J+FQP1W9vKv7ltWPdL3cTHkSxhoCZiPH6scA6xNNFcI9LYFqMDaFMcnMlZkMqKdNmt4yp/90R/08ahTwxK10Vc5Xz+RBpdICO0AkiqIQq6BLVUB0xdI8e0Qt6te6sB+vJev6Kpqz5n330A9bbJzswlnk=</latexit><latexit sha1_base64="JNbCCHAEQEZTud7iG8Vfgm8ljQc=">AAACBHicdVBLTwIxGOziC/GFevRSJSaecIts4Ej04olgIo8EyKZbPqCh+7DtmpANV/0zejLqzV/gH/DfWBATNDqn6cw0+Wa8SHClbfvDSi0tr6yupdczG5tb2zvZ3b2GCmPJoM5CEcqWRxUIHkBdcy2gFUmgvieg6Y0upn7zFqTiYXCtxxF0fToIeJ8zqo3kZg+rbnxadQF3FPfhBhdw1e0tCsTN5uw8ceyCU8Z2vkCcUqloyBkpFomDSd6eIYfmqLnZ904vZLEPgWaCKtUmdqS7CZWaMwGTTCdWEFE2ogNoGxpQH1Q3mVWZ4ON+KLEeAp69F7MJ9ZUa+57J+FQP1W9vKv7ltWPdL3cTHkSxhoCZiPH6scA6xNNFcI9LYFqMDaFMcnMlZkMqKdNmt4yp/90R/08ahTwxK10Vc5Xz+RBpdICO0AkiqIQq6BLVUB0xdI8e0Qt6te6sB+vJev6Kpqz5n330A9bbJzswlnk=</latexit>

Nu/Ne ' Nd/Ne ' 3
<latexit sha1_base64="5BB8TdzL80ncQXtvRj7rg+7wPcI=">AAACAnicdVDLTgJBEJz1ifha9ejBicTEE+4AGzgSvXgimMgjAbKZHRqYMPtwZtaEEG76M3oy6s1P8Af8GwfEBI3WqbqrOukqPxZcacf5sJaWV1bX1lMb6c2t7Z1de2+/rqJEMqixSESy6VMFgodQ01wLaMYSaOALaPjDi6neuAWpeBRe61EMnYD2Q97jjGqz8uyjipecVTzAbcUDuMEVr7s45j0742SJ6+TcEnayOeIWiwVD8qRQIC4mWWeGDJqj6tnv7W7EkgBCzQRVqkWcWHfGVGrOBEzS7URBTNmQ9qFlaEgDUJ3xLMgEn/QiifUA8Gxe9I5poNQo8I0noHqgfmvT5V9aK9G9UmfMwzjREDJjMVovEVhHeNoH7nIJTIuRIZRJbr7EbEAlZdq0ljbxvzPi/0k9lyWmpatCpnw+LyKFDtExOkUEFVEZXaIqqiGG7tEjekGv1p31YD1Zz1/WJWt+c4B+wHr7BGm/lhU=</latexit><latexit sha1_base64="5BB8TdzL80ncQXtvRj7rg+7wPcI=">AAACAnicdVDLTgJBEJz1ifha9ejBicTEE+4AGzgSvXgimMgjAbKZHRqYMPtwZtaEEG76M3oy6s1P8Af8GwfEBI3WqbqrOukqPxZcacf5sJaWV1bX1lMb6c2t7Z1de2+/rqJEMqixSESy6VMFgodQ01wLaMYSaOALaPjDi6neuAWpeBRe61EMnYD2Q97jjGqz8uyjipecVTzAbcUDuMEVr7s45j0742SJ6+TcEnayOeIWiwVD8qRQIC4mWWeGDJqj6tnv7W7EkgBCzQRVqkWcWHfGVGrOBEzS7URBTNmQ9qFlaEgDUJ3xLMgEn/QiifUA8Gxe9I5poNQo8I0noHqgfmvT5V9aK9G9UmfMwzjREDJjMVovEVhHeNoH7nIJTIuRIZRJbr7EbEAlZdq0ljbxvzPi/0k9lyWmpatCpnw+LyKFDtExOkUEFVEZXaIqqiGG7tEjekGv1p31YD1Zz1/WJWt+c4B+wHr7BGm/lhU=</latexit><latexit sha1_base64="5BB8TdzL80ncQXtvRj7rg+7wPcI=">AAACAnicdVDLTgJBEJz1ifha9ejBicTEE+4AGzgSvXgimMgjAbKZHRqYMPtwZtaEEG76M3oy6s1P8Af8GwfEBI3WqbqrOukqPxZcacf5sJaWV1bX1lMb6c2t7Z1de2+/rqJEMqixSESy6VMFgodQ01wLaMYSaOALaPjDi6neuAWpeBRe61EMnYD2Q97jjGqz8uyjipecVTzAbcUDuMEVr7s45j0742SJ6+TcEnayOeIWiwVD8qRQIC4mWWeGDJqj6tnv7W7EkgBCzQRVqkWcWHfGVGrOBEzS7URBTNmQ9qFlaEgDUJ3xLMgEn/QiifUA8Gxe9I5poNQo8I0noHqgfmvT5V9aK9G9UmfMwzjREDJjMVovEVhHeNoH7nIJTIuRIZRJbr7EbEAlZdq0ljbxvzPi/0k9lyWmpatCpnw+LyKFDtExOkUEFVEZXaIqqiGG7tEjekGv1p31YD1Zz1/WJWt+c4B+wHr7BGm/lhU=</latexit><latexit sha1_base64="5BB8TdzL80ncQXtvRj7rg+7wPcI=">AAACAnicdVDLTgJBEJz1ifha9ejBicTEE+4AGzgSvXgimMgjAbKZHRqYMPtwZtaEEG76M3oy6s1P8Af8GwfEBI3WqbqrOukqPxZcacf5sJaWV1bX1lMb6c2t7Z1de2+/rqJEMqixSESy6VMFgodQ01wLaMYSaOALaPjDi6neuAWpeBRe61EMnYD2Q97jjGqz8uyjipecVTzAbcUDuMEVr7s45j0742SJ6+TcEnayOeIWiwVD8qRQIC4mWWeGDJqj6tnv7W7EkgBCzQRVqkWcWHfGVGrOBEzS7URBTNmQ9qFlaEgDUJ3xLMgEn/QiifUA8Gxe9I5poNQo8I0noHqgfmvT5V9aK9G9UmfMwzjREDJjMVovEVhHeNoH7nIJTIuRIZRJbr7EbEAlZdq0ljbxvzPi/0k9lyWmpatCpnw+LyKFDtExOkUEFVEZXaIqqiGG7tEjekGv1p31YD1Zz1/WJWt+c4B+wHr7BGm/lhU=</latexit>
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✓NSI in neutrino propagation in matter:

✏fV↵� = ✏fL↵� + ✏fR↵�

✓ In ordinary matter (e, p, n) → (e, u ,d) 

✓However:

with

with

(NSI at detection:        ,     )

Sun: Earth: 

Factor 3 difference!!

✏fV↵�

NSI: Notation

✏fV↵� = ✏fL↵� + ✏fR↵�
<latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit><latexit sha1_base64="wIfr7t0EhPcrpdc96bA//3pcz8A="></latexit>

✏fL↵� , ✏fR↵�
<latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit><latexit sha1_base64="kdBVjkKDNZTiYl0Y4pghUmTiV2s="></latexit>

✏↵� ⌘ ✏eV↵� +
Nu

Ne
✏uV↵� +

Nd

Ne
✏dV↵�

<latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit><latexit sha1_base64="MrtbaUrbgm7XRoZ/REEXnTPD3eg="></latexit>

VNSI / ✏↵�Ne
<latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit><latexit sha1_base64="7T5q0mQYjlEOOByDDg9agA27kMc="></latexit>

✏↵� =
X

f

Nf

Nd
✏fV↵�

<latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit><latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit><latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit><latexit sha1_base64="ehSThz+ev3/q/BByrF0viqdIhfw="></latexit>

VNSI / ✏↵�Nd
<latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit><latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit><latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit><latexit sha1_base64="5hLn2voehzAItL+6ttdmjIVWnGQ="></latexit>

Nu/Ne ' 2Nd/Ne ' 1
<latexit sha1_base64="JNbCCHAEQEZTud7iG8Vfgm8ljQc=">AAACBHicdVBLTwIxGOziC/GFevRSJSaecIts4Ej04olgIo8EyKZbPqCh+7DtmpANV/0zejLqzV/gH/DfWBATNDqn6cw0+Wa8SHClbfvDSi0tr6yupdczG5tb2zvZ3b2GCmPJoM5CEcqWRxUIHkBdcy2gFUmgvieg6Y0upn7zFqTiYXCtxxF0fToIeJ8zqo3kZg+rbnxadQF3FPfhBhdw1e0tCsTN5uw8ceyCU8Z2vkCcUqloyBkpFomDSd6eIYfmqLnZ904vZLEPgWaCKtUmdqS7CZWaMwGTTCdWEFE2ogNoGxpQH1Q3mVWZ4ON+KLEeAp69F7MJ9ZUa+57J+FQP1W9vKv7ltWPdL3cTHkSxhoCZiPH6scA6xNNFcI9LYFqMDaFMcnMlZkMqKdNmt4yp/90R/08ahTwxK10Vc5Xz+RBpdICO0AkiqIQq6BLVUB0xdI8e0Qt6te6sB+vJev6Kpqz5n330A9bbJzswlnk=</latexit><latexit sha1_base64="JNbCCHAEQEZTud7iG8Vfgm8ljQc=">AAACBHicdVBLTwIxGOziC/GFevRSJSaecIts4Ej04olgIo8EyKZbPqCh+7DtmpANV/0zejLqzV/gH/DfWBATNDqn6cw0+Wa8SHClbfvDSi0tr6yupdczG5tb2zvZ3b2GCmPJoM5CEcqWRxUIHkBdcy2gFUmgvieg6Y0upn7zFqTiYXCtxxF0fToIeJ8zqo3kZg+rbnxadQF3FPfhBhdw1e0tCsTN5uw8ceyCU8Z2vkCcUqloyBkpFomDSd6eIYfmqLnZ904vZLEPgWaCKtUmdqS7CZWaMwGTTCdWEFE2ogNoGxpQH1Q3mVWZ4ON+KLEeAp69F7MJ9ZUa+57J+FQP1W9vKv7ltWPdL3cTHkSxhoCZiPH6scA6xNNFcI9LYFqMDaFMcnMlZkMqKdNmt4yp/90R/08ahTwxK10Vc5Xz+RBpdICO0AkiqIQq6BLVUB0xdI8e0Qt6te6sB+vJev6Kpqz5n330A9bbJzswlnk=</latexit><latexit sha1_base64="JNbCCHAEQEZTud7iG8Vfgm8ljQc=">AAACBHicdVBLTwIxGOziC/GFevRSJSaecIts4Ej04olgIo8EyKZbPqCh+7DtmpANV/0zejLqzV/gH/DfWBATNDqn6cw0+Wa8SHClbfvDSi0tr6yupdczG5tb2zvZ3b2GCmPJoM5CEcqWRxUIHkBdcy2gFUmgvieg6Y0upn7zFqTiYXCtxxF0fToIeJ8zqo3kZg+rbnxadQF3FPfhBhdw1e0tCsTN5uw8ceyCU8Z2vkCcUqloyBkpFomDSd6eIYfmqLnZ904vZLEPgWaCKtUmdqS7CZWaMwGTTCdWEFE2ogNoGxpQH1Q3mVWZ4ON+KLEeAp69F7MJ9ZUa+57J+FQP1W9vKv7ltWPdL3cTHkSxhoCZiPH6scA6xNNFcI9LYFqMDaFMcnMlZkMqKdNmt4yp/90R/08ahTwxK10Vc5Xz+RBpdICO0AkiqIQq6BLVUB0xdI8e0Qt6te6sB+vJev6Kpqz5n330A9bbJzswlnk=</latexit><latexit sha1_base64="JNbCCHAEQEZTud7iG8Vfgm8ljQc=">AAACBHicdVBLTwIxGOziC/GFevRSJSaecIts4Ej04olgIo8EyKZbPqCh+7DtmpANV/0zejLqzV/gH/DfWBATNDqn6cw0+Wa8SHClbfvDSi0tr6yupdczG5tb2zvZ3b2GCmPJoM5CEcqWRxUIHkBdcy2gFUmgvieg6Y0upn7zFqTiYXCtxxF0fToIeJ8zqo3kZg+rbnxadQF3FPfhBhdw1e0tCsTN5uw8ceyCU8Z2vkCcUqloyBkpFomDSd6eIYfmqLnZ904vZLEPgWaCKtUmdqS7CZWaMwGTTCdWEFE2ogNoGxpQH1Q3mVWZ4ON+KLEeAp69F7MJ9ZUa+57J+FQP1W9vKv7ltWPdL3cTHkSxhoCZiPH6scA6xNNFcI9LYFqMDaFMcnMlZkMqKdNmt4yp/90R/08ahTwxK10Vc5Xz+RBpdICO0AkiqIQq6BLVUB0xdI8e0Qt6te6sB+vJev6Kpqz5n330A9bbJzswlnk=</latexit>

Nu/Ne ' Nd/Ne ' 3
<latexit sha1_base64="5BB8TdzL80ncQXtvRj7rg+7wPcI=">AAACAnicdVDLTgJBEJz1ifha9ejBicTEE+4AGzgSvXgimMgjAbKZHRqYMPtwZtaEEG76M3oy6s1P8Af8GwfEBI3WqbqrOukqPxZcacf5sJaWV1bX1lMb6c2t7Z1de2+/rqJEMqixSESy6VMFgodQ01wLaMYSaOALaPjDi6neuAWpeBRe61EMnYD2Q97jjGqz8uyjipecVTzAbcUDuMEVr7s45j0742SJ6+TcEnayOeIWiwVD8qRQIC4mWWeGDJqj6tnv7W7EkgBCzQRVqkWcWHfGVGrOBEzS7URBTNmQ9qFlaEgDUJ3xLMgEn/QiifUA8Gxe9I5poNQo8I0noHqgfmvT5V9aK9G9UmfMwzjREDJjMVovEVhHeNoH7nIJTIuRIZRJbr7EbEAlZdq0ljbxvzPi/0k9lyWmpatCpnw+LyKFDtExOkUEFVEZXaIqqiGG7tEjekGv1p31YD1Zz1/WJWt+c4B+wHr7BGm/lhU=</latexit><latexit sha1_base64="5BB8TdzL80ncQXtvRj7rg+7wPcI=">AAACAnicdVDLTgJBEJz1ifha9ejBicTEE+4AGzgSvXgimMgjAbKZHRqYMPtwZtaEEG76M3oy6s1P8Af8GwfEBI3WqbqrOukqPxZcacf5sJaWV1bX1lMb6c2t7Z1de2+/rqJEMqixSESy6VMFgodQ01wLaMYSaOALaPjDi6neuAWpeBRe61EMnYD2Q97jjGqz8uyjipecVTzAbcUDuMEVr7s45j0742SJ6+TcEnayOeIWiwVD8qRQIC4mWWeGDJqj6tnv7W7EkgBCzQRVqkWcWHfGVGrOBEzS7URBTNmQ9qFlaEgDUJ3xLMgEn/QiifUA8Gxe9I5poNQo8I0noHqgfmvT5V9aK9G9UmfMwzjREDJjMVovEVhHeNoH7nIJTIuRIZRJbr7EbEAlZdq0ljbxvzPi/0k9lyWmpatCpnw+LyKFDtExOkUEFVEZXaIqqiGG7tEjekGv1p31YD1Zz1/WJWt+c4B+wHr7BGm/lhU=</latexit><latexit sha1_base64="5BB8TdzL80ncQXtvRj7rg+7wPcI=">AAACAnicdVDLTgJBEJz1ifha9ejBicTEE+4AGzgSvXgimMgjAbKZHRqYMPtwZtaEEG76M3oy6s1P8Af8GwfEBI3WqbqrOukqPxZcacf5sJaWV1bX1lMb6c2t7Z1de2+/rqJEMqixSESy6VMFgodQ01wLaMYSaOALaPjDi6neuAWpeBRe61EMnYD2Q97jjGqz8uyjipecVTzAbcUDuMEVr7s45j0742SJ6+TcEnayOeIWiwVD8qRQIC4mWWeGDJqj6tnv7W7EkgBCzQRVqkWcWHfGVGrOBEzS7URBTNmQ9qFlaEgDUJ3xLMgEn/QiifUA8Gxe9I5poNQo8I0noHqgfmvT5V9aK9G9UmfMwzjREDJjMVovEVhHeNoH7nIJTIuRIZRJbr7EbEAlZdq0ljbxvzPi/0k9lyWmpatCpnw+LyKFDtExOkUEFVEZXaIqqiGG7tEjekGv1p31YD1Zz1/WJWt+c4B+wHr7BGm/lhU=</latexit><latexit sha1_base64="5BB8TdzL80ncQXtvRj7rg+7wPcI=">AAACAnicdVDLTgJBEJz1ifha9ejBicTEE+4AGzgSvXgimMgjAbKZHRqYMPtwZtaEEG76M3oy6s1P8Af8GwfEBI3WqbqrOukqPxZcacf5sJaWV1bX1lMb6c2t7Z1de2+/rqJEMqixSESy6VMFgodQ01wLaMYSaOALaPjDi6neuAWpeBRe61EMnYD2Q97jjGqz8uyjipecVTzAbcUDuMEVr7s45j0742SJ6+TcEnayOeIWiwVD8qRQIC4mWWeGDJqj6tnv7W7EkgBCzQRVqkWcWHfGVGrOBEzS7URBTNmQ9qFlaEgDUJ3xLMgEn/QiifUA8Gxe9I5poNQo8I0noHqgfmvT5V9aK9G9UmfMwzjREDJjMVovEVhHeNoH7nIJTIuRIZRJbr7EbEAlZdq0ljbxvzPi/0k9lyWmpatCpnw+LyKFDtExOkUEFVEZXaIqqiGG7tEjekGv1p31YD1Zz1/WJWt+c4B+wHr7BGm/lhU=</latexit>
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Agarwalla et al, PLB 2016

⇒ interference term in 𝜙eα can mimic swap in the octant

NSI at future LBL experiments

Degeneracies in determination of θ23 octant in DUNE
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NSI significantly spoil sensitivity to CP violation in DUNE

Masud and Mehta, PRD 2016

NSI at future LBL experiments
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NSI significantly spoil sensitivity to mass ordering in DUNE

NSI at future LBL experiments

Masud and Mehta, PRD 2016
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 Most models of neutrino masses include new extra heavy states 

Ex: type I seesaw, 
inverse seesaw 

Non-unitary light ν 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
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 Most models of neutrino masses include new extra heavy states 

Ex: type I seesaw, 
inverse seesaw 

Non-unitary light ν 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>

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

Un⇥n =

✓
N W
V T

◆

<latexit sha1_base64="nydkeHTE8MTcxXy0ZbwIMnOIkR8="></latexit><latexit sha1_base64="nydkeHTE8MTcxXy0ZbwIMnOIkR8="></latexit><latexit sha1_base64="nydkeHTE8MTcxXy0ZbwIMnOIkR8="></latexit><latexit sha1_base64="igNIIXj664y3Gae0TWz7jfUX+FE=">AAAB03icbVBNT8JAFHzFL6yoePaykZh4Iq0XPZp48YiJBRJoyHZ5hQ27bbP7akIa7saLMf4t/4D/xgU5KDineTNzeDNJoaSlIPjyaju7e/sH9UP/qOEfn5w2G12bl0ZgJHKVm37CLSqZYUSSFPYLg1wnCnvJ7H7p957RWJlnTzQvMNZ8kslUCk5O6oyaraAdrMC2SbgmLVhj1PwcjnNRasxIKG7tIAwKiituSAqFC39YWiy4mPEJDhzNuEYbV6s3F+wyzQ2jKbLV/TtbcW3tXCcuozlN7aa3FP/zBiWlt3Els6IkzISLOC8tFaOcLduysTQoSM0d4cJI9yUTU264ILeJ79qHm123Sfe6HQbt8DGAOpzDBVxBCDdwBw/QgQgEjOEVPrzEe/Heflaqeeu5zuAPvPdvUZuH0w==</latexit><latexit sha1_base64="CT19lYr0O84Kgs4Db1iUrCt+O2M=">AAACJHicbVDLSgNBEOz1GddX9OplUBS9hF0vehEELx5EFEwiZGOYnfQmg7Ozy0yvEJZ8lH6Hd/Ui6pc4iTn4qlN1V9F0VZwraSkIXryp6ZnZufnKgr+4tLyyWl1batisMALrIlOZuY65RSU11kmSwuvcIE9jhc349mSkN+/QWJnpKxrk2E55T8tECk5u1ame1W9KHZFM0TI9ZEfMjxQmtOtHMfakLrkxfDAshRj652yHNVkU+Q1HrvwIdXci+5GRvT7tdapbQS0Yg/0l4YRswQQXnepj1M1EkaImobi1rTDIqe2ukhQK3d3CYs7FLe9hy1HN3Zvtcpx6yLaTzDDqIxvP370lT60dpLHzpJz69rc2Wv6ntQpKDtul1HlBqIWzOC0pFKOMjcpjXWlQkBo4woWR7ksm+txwQa5i38UPf4f9Sxr7tTCohZcBVGADNmEXQjiAYziFC6iDgAd4hnf48O69J+/1q6gpb9LYOvyA9/YJRHalIQ==</latexit><latexit sha1_base64="CT19lYr0O84Kgs4Db1iUrCt+O2M=">AAACJHicbVDLSgNBEOz1GddX9OplUBS9hF0vehEELx5EFEwiZGOYnfQmg7Ozy0yvEJZ8lH6Hd/Ui6pc4iTn4qlN1V9F0VZwraSkIXryp6ZnZufnKgr+4tLyyWl1batisMALrIlOZuY65RSU11kmSwuvcIE9jhc349mSkN+/QWJnpKxrk2E55T8tECk5u1ame1W9KHZFM0TI9ZEfMjxQmtOtHMfakLrkxfDAshRj652yHNVkU+Q1HrvwIdXci+5GRvT7tdapbQS0Yg/0l4YRswQQXnepj1M1EkaImobi1rTDIqe2ukhQK3d3CYs7FLe9hy1HN3Zvtcpx6yLaTzDDqIxvP370lT60dpLHzpJz69rc2Wv6ntQpKDtul1HlBqIWzOC0pFKOMjcpjXWlQkBo4woWR7ksm+txwQa5i38UPf4f9Sxr7tTCohZcBVGADNmEXQjiAYziFC6iDgAd4hnf48O69J+/1q6gpb9LYOvyA9/YJRHalIQ==</latexit><latexit sha1_base64="xVPoeAzGR7hEwizamzPwSq62UZ0="></latexit><latexit sha1_base64="nydkeHTE8MTcxXy0ZbwIMnOIkR8="></latexit><latexit sha1_base64="nydkeHTE8MTcxXy0ZbwIMnOIkR8="></latexit><latexit sha1_base64="nydkeHTE8MTcxXy0ZbwIMnOIkR8="></latexit><latexit sha1_base64="nydkeHTE8MTcxXy0ZbwIMnOIkR8="></latexit><latexit sha1_base64="nydkeHTE8MTcxXy0ZbwIMnOIkR8="></latexit><latexit sha1_base64="nydkeHTE8MTcxXy0ZbwIMnOIkR8="></latexit>

 General parameterization for non-unitary NxN mixing matrix

Escrihuela et al, PRD92 (2015)

with

→ αii real, αij complex: 9 new 
parameters
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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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 Most models of neutrino masses include new extra heavy states 

Ex: type I seesaw, 
inverse seesaw 
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 Most models of neutrino masses include new extra heavy states 

Ex: type I seesaw, 
inverse seesaw 

 NxN unitary mixing matrix described with:  

  N(N-1)/2 mixing angles and (N-1)(N-2)/2 Dirac CP phases (4 param for N=3)

Non-unitary light ν mixing
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 NxN non-unitary mixing matrix described with 2N2-(2N-1) parameters

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

→ besides the three standard θij and δCP, 9 more parameters are needed

→ (3x3) light neutrino mixing matrix U is non-unitary in general
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 General parameterization for non-unitary NxN mixing matrix
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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 ν oscillations in DUNE

The new phases will modify the standard oscillation 
picture in LBL experiments, such as DUNE

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

Escrihuela et al, NJP 2017
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Sensitivity to CP-violation 
and mass ordering in DUNE

>5σ sensitivity for both orderings and the 
full range of δCP

Width of bands indicates variation in 
possible central values of θ23


