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δm2/eV2 ~ 7.34 x 10-5±2.2%
Δm2/eV2  ~ 2.48 x 10-3±1.3%
sin2θ12 ~ 0.303         ±4.4%
sin2θ13 ~ 0.0225 ±3.8%
sin2θ23 ~ 0.545 ±5.0%
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solar model prediction. Continued data-taking refined these results. Data-taking was 
concluded in 2006 and the final results were published in 2013 [35]. The 8B neutrino flux 
from the final fit to all reactions is 
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φ =φ(ν e )+φ(ν µ )+φ(ντ )=5.25±0.16(stat)−0.13+0.11 (sys)×106 cm−2s−1

in very good agreement with the theoretically expected 5.94 (1 ± 0.11) [SSM BPS08] or 5.58 
(1 ± 0.14) [SSM SHP11] (see [36] and references therein). 
 
The flux of muon- and tau-neutrinos deduced from the results shown in figure 4 is 

!!

€

φ(ν µ )+φ(ντ )=(3.26±0.25−0.35
+0.40 )×106 cm−2s−1

deviating significantly from zero. A comparison with the total 8B flux clearly demonstrates 
that about two thirds of the solar electron-neutrinos changed flavour, arriving at Earth as 
muon-neutrinos or tau-neutrinos. SNO’s ES results are consistent with the results from Super-
Kamiokande and with the SNO results above, however by themselves insufficient as evidence 
for flavour change (figure 4). 

Figure 4: Fluxes of 8B solar neutrinos from SNO and Super-Kamiokande. The SSM BS05 
[38] prediction is shown as a range between the dashed lines. C.L. stands for confidence level.
From [36] and references therein.

The SNO evidence for neutrino flavour conversion was confirmed a year later by the 
KamLAND reactor experiment. KamLAND (Kamioka Liquid scintillator AntiNeutrino 
Detector) [39] was proposed in 1994, funded in 1997 and started data-taking in January 2002. 
The first KamLAND results were published in January 2003 [40] and show clear evidence for 
disappearance of electron anti-neutrinos, consistent with the expectation from the solar 
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Interpretation known knowns

Outstanding progress in n physics in ~ 25 years 

+ many other ones: 
solar, KamLAND,
q13 at reactors & T2K 
…

d(CP)
sign(Dm2)
octant(q23)
absolute n mass
Dirac/Majorana

NSI, sterile states,
PMNS non-unitarity, ...?

known unknowns

unkown unknowns
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3-flavor scheme now established as the standard framework…
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Dirac CP-violating phase d

The 3n mixing matrix

Explicit 
form 

q23 ~ 45º q13 ~ 9º q12 ~ 34º

U is non-real if d ≠ (0, p)  

Three non-zero qij: Way open to CPV searches… 
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E = 0.6 GeV
L = 295 km
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Two main actors: T2K & NOnA

First 
oscillation
maximum

A narrow-band, long-
baseline nm beam

• 810 km away, 14 mrad (0.84o) off-axis, the beam spectra 
is narrow and at a good L/E for oscillation physics

• NuMI beam has operated routinely at up to 500 kW
– NOnA upgrades will put it to 700 kW in 2016 

(compared to 1.2 MW eventually in new beam for DUNE)
– Plans are to run in both neutrino and anti-neutrino modes

A narrow-band, long-
baseline nm beam

• 810 km away, 14 mrad (0.84o) off-axis, the beam spectra 
is narrow and at a good L/E for oscillation physics

• NuMI beam has operated routinely at up to 500 kW
– NOnA upgrades will put it to 700 kW in 2016 

(compared to 1.2 MW eventually in new beam for DUNE)
– Plans are to run in both neutrino and anti-neutrino modes

E = 2 GeV
L = 810 km

off-axis
beam
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NOnA prefers dCP ∼ 0.8p

Bird’s-eye view: bievents plots 
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• We	see	no	strong	asymmetry	in	the	rates	of	appearance	of	νe and	ν̅e
• Disfavor	hierarchy-δ combinations	which	would	produce	that	asymmetry

• Consistent	with	hierarchy-octant-δ combinations	which	include	some	“cancellation.”
– Since	such	options	exist	for	both	octants	and	hierarchies,	results	show	no	strong	preferences.	

Future joint fits
• Experiments with different neutrino energies have different oscillation 

probabilities and systematic uncertainties
• Combined analysis of data allows degeneracies to be broken and maximises

impact of data taken
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for Normal Ordering: T2K prefers dCP ∼ 1.5p{
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FIG. 3. Allowed regions determined separately by T2K and NO⌫A for NO in the SM case (left panel) and with NSI in the e�µ
sector (middle panel) and in the e� ⌧ sector (right panel). In the middle panel we have taken the NSI parameters at their best
fit values of T2K + NO⌫A (|"eµ| = 0.15,�eµ = 1.38⇡). Similarly, in the right panel we have taken |"e⌧ | = 0.275,�e⌧ = 1.62⇡.
The contours are drawn at the 68% and 90% C.L. for 2 d.o.f. The comparison of the middle and right panels with the left one
clearly evidences the reduction of the tension between the two experiments in the presence of NSI of both types.

|"e⌧ | = 0.275,�e⌧ = 1.62⇡ (right panel). The contours
are drawn at the 68% and 90% C.L. for 2 d.o.f. In the
SM case a clear mismatch in the determination of the CP-
phase �CP among the two experiments is evident. While
NO⌫A prefers values close to �CP ⇠ 0.8⇡, T2K identifies
a value of �CP ⇠ 1.4⇡. Such two estimates, which have
a di↵erence of phase of about ⇡/2, are in disagreement
at more than 90% C.L. for 2 d.o.f.. The reduction of
the tension between the two experiments obtained in the
presence of NSI is evident both in the middle and right
panels where the best fit values of �CP are very close to
the common value �CP ⇠ 3⇡/2. We see that the value
of �CP preferred by T2K is basically unchanged in the
presence of NSI as this experiment has a reduced sensi-
tivity to matter e↵ects. As a consequence the value of
�
T2K

CP
⇠ 3⇡/2 identified by T2K can be considered a faith-

ful estimate of its true value both in SM and in SM+NSI
scenarios. In contrast, NO⌫A due to the enhanced sensi-
tivity to matter e↵ects, if NSI are not taken into account
(left panel), identifies a fake value of �NOvA

CP
⇠ 0.8⇡. In

NO⌫A, the preference for the true value of �CP ⇠ 3⇡/2 is
restored once the NSI are taken into account (middle and
right panels). Therefore, it seems that NSI o↵er a very
simple and elegant way to solve the discrepancy among
the two experiments. We also note that the allowed re-
gions for NO⌫A are qualitatively di↵erent in the e � µ

and e�⌧ NSI cases. In fact, in the first case there is a sin-
gle allowed region while in the second case there are two
degenerate lobes. This di↵erent behavior can be traced
to the fact that the transition probabilities are di↵erent
in the two cases. More specifically, the sign in front of
the coe�cient b of P2 in Eq. (11) [see Eqs. (14) and (15)]
is opposite in the two scenarios.

For completeness, in the Supplemental Material (which
includes references [49–51]), we provide three additional
figures. First, we present a so-called bievents plot
(Fig. S1) meant to elucidate the tension between T2K

and NO⌫A and its resolutions with NSI. Second, we pro-
vide a figure (Fig. S2) analogous to Fig. 3 but referring to
the IO case. This plot clarifies why (as shown in Figs. 1
and 2 and also in Table I), in the IO case there is basi-
cally no preference for non-zero NSI. Finally, in Fig. S3,
we show the one-dimensional projections on the standard
oscillation parameters �CP, ✓23 and |�m

2
31
| from the com-

bination of NO⌫A and T2K, with and without NSI. Note
that Fig. S1 is not present in the Supplemental Material
published in PRL.
Conclusions. In this paper we have investigated the

impact of NSI on the tension recently emerged in the lat-
est T2K and NO⌫A data. Our main result is that such
a tension can be resolved by non-standard interactions
(NSI) of the flavor changing type involving the e�µ and
e� ⌧ flavors. We underline that, apart from the LBL ac-
celerator data, it would be very important to complement
our study considering the atmospheric neutrino data. To
this regard, we mention the recent IceCube DeepCore
analysis [48], which starts to probe values of the NSI cou-
plings below ⇠ 0.2, close but not incompatible to those
relevant to the present analysis. We also hope that Su-
perKamiokande may provide an updated analysis of the
atmospheric data in the presence of NSI, which is cur-
rently unfeasible from outside the collaboration.
Our results point towards relatively large e↵ective NSI

couplings of the order of ten per cent. Taking into ac-
count Eq. (4), these may correspond to couplings of a few
per cent at the level of the fundamental constituents (u
and d quarks and electrons). A major challenge in gen-
erating such observable NSI in any UV-complete model
is that there are stringent bounds arising from charged-
lepton flavor violation. In fact, when the new physics
responsible for the generation of the neutrino NSI is due
to mediators heavier than the electroweak symmetry-
breaking scale, one expects also that the charged leptons
are involved as components of the doublet of SU(2). One
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Maybe a statistical fluctuation or a systematic error 

In NO, tension in the determination of dCP

But interesting to consider alternative explanations…  

68% & 90% CL 2 dof



 

Nonstandard Neutrino Interactions as a Solution to the NOνA and T2K Discrepancy
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The latest data of the two long-baseline accelerator experiments NOνA and T2K, interpreted in the
standard three-flavor scenario, display a discrepancy. A mismatch in the determination of the standard CP
phase δCP extracted by the two experiments is evident in the normal neutrino mass ordering. While NOνA
prefers values close to δCP ∼ 0.8π, T2K identifies values of δCP ∼ 1.4π. Such two estimates are in
disagreement at more than 90% C.L. for 2 degrees of freedom. We show that such a tension can be resolved
if one hypothesizes the existence of complex neutral-current nonstandard interactions (NSIs) of the flavor
changing type involving the e − μ or the e − τ sectors with couplings jεeμj ∼ jεeτj ∼ 0.2. Remarkably, in the
presence of such NSIs, both experiments point towards the same common value of the standard CP phase
δCP ∼ 3π=2. Our analysis also highlights an intriguing preference for maximal CP violation in the
nonstandard sector with the NSI CP phases having best fit close to ϕeμ ∼ ϕeτ ∼ 3π=2, hence pointing
towards imaginary NSI couplings.

DOI: 10.1103/PhysRevLett.126.051802

Introduction.—The two long-baseline (LBL) accelerator
experiments NOνA and T2K have recently released new
data at the Neutrino 2020 Conference [1,2]. Intriguingly,
the two experiments display a moderate tension preferring
values of the standard three-flavor CP phase δCP which are
in disagreement. While this discrepancy may be imputable
to a statistical fluctuation or to an unknown systematic
error, it may represent an indication of physics beyond the
standard model (SM). In particular, one should note that the
two experiments are different with respect to their sensi-
tivity to the matter effects, due to the different baselines
(810 km for NOνA and 295 km for T2K). This evokes the
fascinating possibility that new physics may be at work in
the form of nonstandard neutrino interactions (NSIs).
Theoretical framework.—NSIs may constitute the low-

energy manifestation of high-energy physics of new heavy
states (for a review see Refs. [3–7]) or, they can be related
to light mediators [8,9]. As first noted in Ref. [10], NSIs
can alter the dynamics [10–12] of the neutrino flavor
conversion in matter. The presence of NSIs can have a
sizable impact on the interpretation of current LBL data.
Notably, in the recent work Ref. [13], it has been evidenced
that they may even obscure the correct determination of the
neutrino mass ordering (NMO) [14]. The impact of NSIs on

present and future new-generation LBL experiments has
been widely explored (see for example Refs. [15–38].) The
NSIs can be represented by a dimension-six operator [10]

LNSI ¼ −2
ffiffiffi
2

p
GFε

fC
αβ ðν̄αγμPLνβÞðf̄γμPCfÞ; ð1Þ

where α, β ¼ e, μ, τ indicate the neutrino flavor, f ¼ e, u, d
denote the matter fermions, P represents the projector
operator with superscript C ¼ L, R referring to the chirality
of the ff current, and εfCαβ are the strengths of the NSIs. The
hermiticity of the interaction implies

εfCβα ¼ ðεfCαβ Þ$: ð2Þ

For neutrino propagation in the Earth, the relevant combi-
nations are

εαβ ≡
X

f¼e;u;d

εfαβ
Nf

Ne
≡

X

f¼e;u;d

ðεfLαβ þ εfRαβ Þ
Nf

Ne
; ð3Þ

Nf being the number density of the f fermion. For the
Earth, we can consider neutral and isoscalar matter, with
Nn ≃ Np ¼ Ne, in which case Nu ≃ Nd ≃ 3Ne. Therefore,

εαβ ≃ εeαβ þ 3εuαβ þ 3εdαβ: ð4Þ

The NSIs alter the effective Hamiltonian of neutrino
propagation in matter, which in the flavor basis reads
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FIG. 3. Allowed regions determined separately by T2K and NO⌫A for NO in the SM case (left panel) and with NSI in the e�µ
sector (middle panel) and in the e� ⌧ sector (right panel). In the middle panel we have taken the NSI parameters at their best
fit values of T2K + NO⌫A (|"eµ| = 0.15,�eµ = 1.38⇡). Similarly, in the right panel we have taken |"e⌧ | = 0.275,�e⌧ = 1.62⇡.
The contours are drawn at the 68% and 90% C.L. for 2 d.o.f. The comparison of the middle and right panels with the left one
clearly evidences the reduction of the tension between the two experiments in the presence of NSI of both types.

|"e⌧ | = 0.275,�e⌧ = 1.62⇡ (right panel). The contours
are drawn at the 68% and 90% C.L. for 2 d.o.f. In the
SM case a clear mismatch in the determination of the CP-
phase �CP among the two experiments is evident. While
NO⌫A prefers values close to �CP ⇠ 0.8⇡, T2K identifies
a value of �CP ⇠ 1.4⇡. Such two estimates, which have
a di↵erence of phase of about ⇡/2, are in disagreement
at more than 90% C.L. for 2 d.o.f.. The reduction of
the tension between the two experiments obtained in the
presence of NSI is evident both in the middle and right
panels where the best fit values of �CP are very close to
the common value �CP ⇠ 3⇡/2. We see that the value
of �CP preferred by T2K is basically unchanged in the
presence of NSI as this experiment has a reduced sensi-
tivity to matter e↵ects. As a consequence the value of
�
T2K

CP
⇠ 3⇡/2 identified by T2K can be considered a faith-

ful estimate of its true value both in SM and in SM+NSI
scenarios. In contrast, NO⌫A due to the enhanced sensi-
tivity to matter e↵ects, if NSI are not taken into account
(left panel), identifies a fake value of �NOvA

CP
⇠ 0.8⇡. In

NO⌫A, the preference for the true value of �CP ⇠ 3⇡/2 is
restored once the NSI are taken into account (middle and
right panels). Therefore, it seems that NSI o↵er a very
simple and elegant way to solve the discrepancy among
the two experiments. We also note that the allowed re-
gions for NO⌫A are qualitatively di↵erent in the e � µ

and e�⌧ NSI cases. In fact, in the first case there is a sin-
gle allowed region while in the second case there are two
degenerate lobes. This di↵erent behavior can be traced
to the fact that the transition probabilities are di↵erent
in the two cases. More specifically, the sign in front of
the coe�cient b of P2 in Eq. (11) [see Eqs. (14) and (15)]
is opposite in the two scenarios.

For completeness, in the Supplemental Material (which
includes references [49–51]), we provide three additional
figures. First, we present a so-called bievents plot
(Fig. S1) meant to elucidate the tension between T2K

and NO⌫A and its resolutions with NSI. Second, we pro-
vide a figure (Fig. S2) analogous to Fig. 3 but referring to
the IO case. This plot clarifies why (as shown in Figs. 1
and 2 and also in Table I), in the IO case there is basi-
cally no preference for non-zero NSI. Finally, in Fig. S3,
we show the one-dimensional projections on the standard
oscillation parameters �CP, ✓23 and |�m

2
31
| from the com-

bination of NO⌫A and T2K, with and without NSI. Note
that Fig. S1 is not present in the Supplemental Material
published in PRL.
Conclusions. In this paper we have investigated the

impact of NSI on the tension recently emerged in the lat-
est T2K and NO⌫A data. Our main result is that such
a tension can be resolved by non-standard interactions
(NSI) of the flavor changing type involving the e�µ and
e� ⌧ flavors. We underline that, apart from the LBL ac-
celerator data, it would be very important to complement
our study considering the atmospheric neutrino data. To
this regard, we mention the recent IceCube DeepCore
analysis [48], which starts to probe values of the NSI cou-
plings below ⇠ 0.2, close but not incompatible to those
relevant to the present analysis. We also hope that Su-
perKamiokande may provide an updated analysis of the
atmospheric data in the presence of NSI, which is cur-
rently unfeasible from outside the collaboration.
Our results point towards relatively large e↵ective NSI

couplings of the order of ten per cent. Taking into ac-
count Eq. (4), these may correspond to couplings of a few
per cent at the level of the fundamental constituents (u
and d quarks and electrons). A major challenge in gen-
erating such observable NSI in any UV-complete model
is that there are stringent bounds arising from charged-
lepton flavor violation. In fact, when the new physics
responsible for the generation of the neutrino NSI is due
to mediators heavier than the electroweak symmetry-
breaking scale, one expects also that the charged leptons
are involved as components of the doublet of SU(2). One
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Contours obtained for the best fit of T2K + NOnA:   

T2K region almost unaltered NOnA region strongly modified

NSI bring the estimates of dCP in agreement 

68% & 90% CL 2 dof

FIG. 3. Allowed regions determined separately by T2K and NO⌫A for NO in the SM case (left panel) and with NSI in the e�µ
sector (middle panel) and in the e� ⌧ sector (right panel). In the middle panel we have taken the NSI parameters at their best
fit values of T2K + NO⌫A (|"eµ| = 0.15,�eµ = 1.38⇡). Similarly, in the right panel we have taken |"e⌧ | = 0.275,�e⌧ = 1.62⇡.
The contours are drawn at the 68% and 90% C.L. for 2 d.o.f. The comparison of the middle and right panels with the left one
clearly evidences the reduction of the tension between the two experiments in the presence of NSI of both types.

|"e⌧ | = 0.275,�e⌧ = 1.62⇡ (right panel). The contours
are drawn at the 68% and 90% C.L. for 2 d.o.f. In the
SM case a clear mismatch in the determination of the CP-
phase �CP among the two experiments is evident. While
NO⌫A prefers values close to �CP ⇠ 0.8⇡, T2K identifies
a value of �CP ⇠ 1.4⇡. Such two estimates, which have
a di↵erence of phase of about ⇡/2, are in disagreement
at more than 90% C.L. for 2 d.o.f.. The reduction of
the tension between the two experiments obtained in the
presence of NSI is evident both in the middle and right
panels where the best fit values of �CP are very close to
the common value �CP ⇠ 3⇡/2. We see that the value
of �CP preferred by T2K is basically unchanged in the
presence of NSI as this experiment has a reduced sensi-
tivity to matter e↵ects. As a consequence the value of
�
T2K

CP
⇠ 3⇡/2 identified by T2K can be considered a faith-

ful estimate of its true value both in SM and in SM+NSI
scenarios. In contrast, NO⌫A due to the enhanced sensi-
tivity to matter e↵ects, if NSI are not taken into account
(left panel), identifies a fake value of �NOvA

CP
⇠ 0.8⇡. In

NO⌫A, the preference for the true value of �CP ⇠ 3⇡/2 is
restored once the NSI are taken into account (middle and
right panels). Therefore, it seems that NSI o↵er a very
simple and elegant way to solve the discrepancy among
the two experiments. We also note that the allowed re-
gions for NO⌫A are qualitatively di↵erent in the e � µ

and e�⌧ NSI cases. In fact, in the first case there is a sin-
gle allowed region while in the second case there are two
degenerate lobes. This di↵erent behavior can be traced
to the fact that the transition probabilities are di↵erent
in the two cases. More specifically, the sign in front of
the coe�cient b of P2 in Eq. (11) [see Eqs. (14) and (15)]
is opposite in the two scenarios.

For completeness, in the Supplemental Material (which
includes references [49–51]), we provide three additional
figures. First, we present a so-called bievents plot
(Fig. S1) meant to elucidate the tension between T2K

and NO⌫A and its resolutions with NSI. Second, we pro-
vide a figure (Fig. S2) analogous to Fig. 3 but referring to
the IO case. This plot clarifies why (as shown in Figs. 1
and 2 and also in Table I), in the IO case there is basi-
cally no preference for non-zero NSI. Finally, in Fig. S3,
we show the one-dimensional projections on the standard
oscillation parameters �CP, ✓23 and |�m

2
31
| from the com-

bination of NO⌫A and T2K, with and without NSI. Note
that Fig. S1 is not present in the Supplemental Material
published in PRL.
Conclusions. In this paper we have investigated the

impact of NSI on the tension recently emerged in the lat-
est T2K and NO⌫A data. Our main result is that such
a tension can be resolved by non-standard interactions
(NSI) of the flavor changing type involving the e�µ and
e� ⌧ flavors. We underline that, apart from the LBL ac-
celerator data, it would be very important to complement
our study considering the atmospheric neutrino data. To
this regard, we mention the recent IceCube DeepCore
analysis [48], which starts to probe values of the NSI cou-
plings below ⇠ 0.2, close but not incompatible to those
relevant to the present analysis. We also hope that Su-
perKamiokande may provide an updated analysis of the
atmospheric data in the presence of NSI, which is cur-
rently unfeasible from outside the collaboration.
Our results point towards relatively large e↵ective NSI

couplings of the order of ten per cent. Taking into ac-
count Eq. (4), these may correspond to couplings of a few
per cent at the level of the fundamental constituents (u
and d quarks and electrons). A major challenge in gen-
erating such observable NSI in any UV-complete model
is that there are stringent bounds arising from charged-
lepton flavor violation. In fact, when the new physics
responsible for the generation of the neutrino NSI is due
to mediators heavier than the electroweak symmetry-
breaking scale, one expects also that the charged leptons
are involved as components of the doublet of SU(2). One
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We study in detail the impact of a light sterile neutrino in the interpretation of the latest data of
the long baseline experiments NO⌫A and T2K, assessing the robustness/fragility of the estimates of
the standard 3-flavor parameters with respect to the perturbations induced in the 3+1 scheme. We
find that all the basic features of the 3-flavor analysis, including the weak indication (⇠1.4�) in favor
of the inverted neutrino mass ordering, the preference for values of the CP-phase �13 ⇠ 1.2⇡, and
the substantial degeneracy of the two octants of ✓23, all remain basically unaltered in the 4-flavor
scheme. Our analysis also demonstrates that it is possible to attain some constraints on the new
CP-phase �14. Finally, we point out that, di↵erently from non-standard neutrino interactions, light
sterile neutrinos are not capable to alleviate the tension recently emerged between NO⌫A and T2K
in the appearance channel.

I. INTRODUCTION

Neutrino mass and mixing have been firmly established by several experiments using natural and artificial neutrino
sources. The 3-flavor framework is recognized as the sole scheme able to describe all the measurements obtained
at baselines longer than ⇠ 100 meters. Despite its huge success, however, the standard 3-flavor scheme might not
constitute the ultimate description of neutrino properties. As a matter of fact, several anomalies have been found
in short baseline experiments (SBL), which cannot be described in the 3-flavor scenario (for reviews on the subject
see [1–10]). The hints derive from the accelerator experiments LSND [11] and MiniBooNE [12], and from the so-called
reactor [13] and Gallium [14, 15] anomalies. More recently, the nuclear reactor data from NEOS [16], DANSS [17]
and Neutrino-4 [18], have provided indications in the same direction. Limits on light sterile neutrinos have been also
found exploiting solar neutrinos [19–21], the long-baseline (LBL) experiments MINOS, MINOS+ [22, 23], NO⌫A [24]
and T2K [25], the reactor experiments Daya Bay [26], PROSPECT [27] and STEREO [28], and also the atmospheric
data collected at Super-Kamiokande [29], IceCube [30, 31] and ANTARES [32].

In the 3-flavor framework three mass eigenstates ⌫i with masses mi (i = 1, 2, 3) are introduced, together with three
mixing angles (✓12, ✓23, ✓13), and one CP-phase �13. The neutrino mass ordering (NMO) is dubbed normal (NO) if
m3 > m1,2 or inverted (IO) if m3 < m1,2. The two mass-squared splittings �m

2
21 ⌘ m

2
2 �m

2
1 and �m

2
31 ⌘ m

2
3 �m

2
1

are too small to give rise to detectable e↵ects in SBL setups. Therefore, new neutrino species, having much bigger
mass-squared di↵erences O(eV2) must be introduced to explain the SBL anomalies. The new hypothetical neutrino
states are assumed to be sterile, i.e. singlets of the standard model gauge group. Several new and more sensitive SBL
experiments are underway to put under test such an intriguing hypothesis (see the review in [6]), which, if confirmed
would constitute a tangible evidence of physics beyond the standard model. In the minimal extension of the 3-flavor
framework, the so-called 3 + 1 scheme, only one sterile species is introduced. In this scenario, one supposes that one
mass eigenstate ⌫4 exists, weakly mixed with the active neutrino flavors (⌫e, ⌫µ, ⌫⌧ ) and separated from the standard
mass eigenstates (⌫1, ⌫2, ⌫3) by a O(eV2) di↵erence. The 3+1 framework is governed by six mixing angles and three
(Dirac) CP-violating phases. Therefore, in the eventuality of a discovery of a light sterile species, we would face the
challenging task of identifying six new properties [3 mixing angles (✓14, ✓24, ✓34), 2 CP-phases (�14, �34), and the
mass-squared splitting �m

2
41 ⌘ m

2
4 �m

2
1].

As first pointed out in Ref. [33], in the presence of a light sterile neutrino, the ⌫µ ! ⌫e conversion probability
probed by the long baseline (LBL) facilities entails a new term engendered by the interference among the atmospheric
frequency and the new frequency connected to the sterile species. The oscillations induced by the new frequency are
very fast and are completely smeared out by the finite energy resolution of the detector. Notwithstanding, the fourth
neutrino leaves observable traces in the conversion probability. This makes the LBL experiments able to probe the new
CP-phases entailed by the 3+1 scheme. The recent 4-flavor analyses of NO⌫A and T2K data, have already pointed
out that such two experiments have some sensitivity to one of such CP-phases [7, 33, 34]. Likewise, the sensitivity
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At LBL the effective 2-flavor SBL description is no more valid
and calculations should be done in the 3+1 (or 3+Ns) scheme     
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Mixing Matrix in the 3+1 scheme

U = R34 R24 R14 R23 R13 R12
∼

In general, we have additional sources of CPV

charged current part, the Lagrangian is invariant under the following global phase
transformations:

⇧kL ⇤ ei⇧k⇧kL, ⇧kR ⇤ ei⇧k⇧kR (k = 1, 2, 3) (66)

��L ⇤ ei⇧���L, ��R ⇤ ei⇧���R (� = e, µ, ⌃) (67)

A 3 ⇥ 3 Dirac mixing matrix therefore depends on three mixing angles and one CP-
violating phase. In the Majorana case, the mass term is not invariant under the phase
transformation in equation 66. Hence in the Majorana case, the mixing matrix depends
on two extra Majorana phases, which makes three mixing angles and three CP-violating
phases. In this case, the mixing matrix can be written as

U = UDDM (68)

where UD is the mixing matrix of the Dirac case and DM is a diagonal unitary matrix
with two independent phases:

DM = diag(ei⌅1 , ei⌅2 , ei⌅3), ⇤1 = 0. (69)

The oscillation probability however is independent of the Majorana phases. The mixing
matrix elements in the Majorana case are written as

U�k = UD
�ke

i⌅k . (70)

The product of the mixing matrix that appears in the oscillation probability therefore
becomes

U⇥
�kU⇥kU�jU

⇥
⇥j = UD⇥

�k e
�i⌅kUD

⇥ke
i⌅kUD

�je
i⌅jUD⇥

⇥j e
�i⌅j = UD⇥

�k U
D
⇥kU

D
�jU

D⇥
⇥j . (71)

Hence, neutrino oscillations do not depend on the Majorana phases and the Majorana
phases cannot be measured by neutrino oscillation experiments. The oscillation prob-
ability for Dirac and Majorana neutrinos is identical, so from now on we will not treat
them as di�erent cases anymore.

The mixing matrix U can be parameterized by the multiplication of the real orthogonal
matrices Rjk. These matrices perform a rotation of an angle ⇥jk in the j–k plane. For
a 2⇥ 2 matrix, they are simply given by:

Rij =

�
cij sij
�sij cij

⇥
, R̃ij =

�
cij s̃ij
�s̃⇥ij cij

⇥
(72)

sij = sin ⇥ij s̃ij = sije
�i⇤ij

cij = cos ⇥ij

For mixing matrices with higher dimensions, the matrices Rjk can be constructed from:
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them as di�erent cases anymore.

The mixing matrix U can be parameterized by the multiplication of the real orthogonal
matrices Rjk. These matrices perform a rotation of an angle ⇥jk in the j–k plane. For
a 2⇥ 2 matrix, they are simply given by:

Rij =

�
cij sij
�sij cij

⇥
, R̃ij =

�
cij s̃ij
�s̃⇥ij cij

⇥
(72)

sij = sin ⇥ij s̃ij = sije
�i⇤ij

cij = cos ⇥ij

For mixing matrices with higher dimensions, the matrices Rjk can be constructed from:

19

∼ ∼ {

3n

3 mixing angles
1 Dirac phase
2 Majorana phases

3+3N  
1+2N 
2+N  

3+N3n{ {6  
3 
3  

3+1{
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PATM leading à q13 > 0

LBL transition probability in 3-flavor

5.3 ⌫µ ! ⌫e appearance in T2K, the three-neutrino case in

vacuum

In this section, the transition probability for ⌫µ ! ⌫e is derived in the LBL approxi-
mation. In this approximation, we use that |�m

2
31| � |�m

2
21| and that |Ue3| is small.

In the calculation, the following definitions are used:

� =
�m

2
31L

4E
, ↵ =

�m
2
21

�m
2
31

. (146)

From current three-flavour global fits we know that ↵ ⇠ 0.03. For normal hierarchy

�m
2
32 = �m

2
31 ��m

2
21. (147)

Taking into account that in the T2K setup � is O(1), we can use the approximate
relation

sin�↵ ' �↵. (148)

The following goniometric identities are used:

sin(a� b) = sin a cos b� cos a sin b (149a)

cos(a+ b) = cos a cos b� sin a sin b (149b)

cos 2a = 1� 2 sin2
a (149c)

sin 2a = 2 sin a cos a. (149d)

We assume that |↵| and s13 have similar magnitude ✏ as described in [66]. Using
the elements from the 3 ⇥ 3 mixing matrix of equation 76 and the expression for
the probability of equation 61, we calculate the approximate transition probability to
second order in ✏. Therefore, only terms proportional to {s13,↵,↵2

,↵s13, s
2
13} remain.

We calculate the probability in multiple steps using

P
LBL

⌫µ!⌫e
=� 4<[U⇤

µ3Ue3Uµ1U
⇤
e1] sin

2

✓
�m

2
31L

4E

◆

+ 2=[U⇤
µ3Ue3Uµ1U

⇤
e1] sin

✓
�m

2
31L

2E

◆
(150a)

� 4<[U⇤
µ2Ue2Uµ1U

⇤
e1] sin

2

✓
�m

2
21L

4E

◆

+ 2=[U⇤
µ2Ue2Uµ1U

⇤
e1] sin

✓
�m

2
21L

2E

◆
(150b)

� 4<[U⇤
µ3Ue3Uµ2U

⇤
e2] sin

2

✓
�m

2
32L

4E

◆

+ 2=[U⇤
µ3Ue3Uµ2U

⇤
e2] sin

✓
�m

2
32L

2E

◆
. (150c)
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where the plus sign is for neutrinos and the minus sign for antineutrinos. From equation
158 it can be seen that CP-violation can only take place when all three mixing angles
are di↵erent from zero. The third term in the probability has a di↵erent sign for
neutrinos and antineutrinos. Therefore, oscillations occur di↵erently for neutrinos and
antineutrinos, violating CP. By comparing the results of the appearance channel with
both neutrinos and antineutrinos, it should be possible to observe CP violation, which
would be the first observation of CP-violation in the lepton sector ever.

When we change from normal hierarchy to inverted hierarchy, �m
2
31 changes sign,

with the following e↵ects:

�m
2
31 ! ��m

2
31

� ! ��

↵ ! �↵ (159)

↵� ! ↵� (unchanged).

The neutrino probability in vacuum for LBL experiments can be written as the sum
of three distinct components: the atmospheric term, the solar term and the term that
comes from the interference between the two:

P
3⌫
⌫µ!⌫e

= P
ATM + P

SOL + P
INT

, (160)

where

P
ATM = 4s223s

2
13 sin

2 �

P
SOL = 4c212c

2
23s

2
12(↵�)2 (161)

P
INT = 8s23s13c12c23s12(↵�) sin� cos(�+ �CP ).

These components are plotted in figure 14 as a function of sin 2✓13, where the other
parameters are fixed at the best fit values from table 2 and the neutrino energy is fixed
at E⌫ = 0.6 GeV. The interference term P

INT is taken at his maximal value by fixing
�CP such that cos(�+ �CP ) = 1.
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In vacuum:

D ∼ p/2

a ∼ 0.03

PSOL negligible

PINT subleading à dependency on d

sin 2q13

Pµe

ATM
INT

SOL

best q13
estimate

T2K osc. maximum E = 0.6 GeV
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- D14 >> 1 : fast oscillations are averaged out

- But interference of D14 & D13 survives and is observable

s13 ~ s14 ~ s24 ~ 0.15 ~ e
P 4⌫
µe ' PATM + P INT

I + P INT
II

P INT
I ' 8s13s23c23s12c12(↵�) sin� cos(�+ �13)

P INT
II ' 4s14s24s13s23 sin� sin(�+ �13 � �14)

~ e2

~ e3

~ e3
{

a = dm2/Dm2 ~ 0.03 ~ e2

Sensitivity to the new CP-phase d14

PATM ' 4s223s
2
13 sin

2 �

_

_ _ _

_
_

25/10/2023 13

A new interference term in the 3+1 scheme
N. Klop & A.P., PRD (2015)
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Numerical examples of 4n probability

Different line styles
⇔

Different values of d14

The fast oscillations get 
averaged out due to the
finite energy resolution 

10

FIG. 7: Probability of νµ → νe transition in the 3+1 scheme.
The thin blue line represents the numerical result, while the
red line represents the averaged probability obtained using
Eq. (37). In both cases the hierarchy is normal and the mixing
angles are fixed at the values s214 = s224 = 0.025.

(solid), δ14 = π (long-dashed), δ14 = π/2 (short-dashed),
and δ14 = −π/2 (dotted).
While the 3-flavor elements S̄ee and S̄eµ can be evalu-

ated numerically (as we have done) approximate expres-
sions already existing in the literature in various limits

FIG. 8: Probability of νµ → νe transition in the 3+1 scheme
for normal hierarchy. The four panels correspond to four dif-
ferent values of the standard CP-phase δ13. In each panel, the
black thick solid line represents the 3-flavor case (θ14 = θ24 =
0), while the colored lines represent the 4-flavor case (with
s214 = s224 = 0.025) for the following four different values of
the nonstandard CP-phase: δ14 = 0 (solid), δ14 = π (long-
dashed), δ14 = π/2 (short-dashed), and δ14 = −π/2 (dotted).

may help to further simplify the expression of the tran-
sition probability in Eq. (37), which, for small values of
the two mixing angles θ14 and θ24, takes the form

P 4ν
µe " (1 − s214 − s224)P̄

3ν
µe (38)

− 2s14s24Re(e
−iδ14 S̄eeS̄

∗
eµ)

+ s214s
2
24(1 + P̄ 3ν

ee ) .

First, it can be noted that for small values of s13 ∼ ε and
α∆ ∼ ε2 one has [37]

S̄ee " 1−O(ε2) . (39)

Since we are interested to terms up to O(ε4), we can
assume S̄ee = 1. Moreover, as discussed above, the
nonstandard matter effects are completely negligible and
only the small standard matter effects are relevant. In
this approximation, the 3-flavor amplitude S̄eµ has the
well-known (see, for example, [37]) form

S̄eµ " Asm13 sin∆
m +B(α∆) , (40)

where A and B are two complex coefficients with O(1)
modulus, given by

A = −2 i s23e
−i(∆+δ13) , (41)

B = −2 i c23s12c12 , (42)

and (sm13,∆
m) are the approximated expressions of

(s13,∆) in matter

sm13 " (1 + v)s13 , (43)

∆m " (1− v)∆ , (44)

with v = VCC/|k13| " 0.05. Making use of Eqs. (39)-
(44) in the expression of the transition probability in
Eq. (38), in the limit case v = 0 we recover, in an al-
ternative way, the fourth-order expansion of the vacuum
formula in Eq. (13) presented in Sec. II. For v $= 0, one
sees that the structure of the transition probability re-
mains the same as in vacuum, containing six terms of
which three are of the interference type. The only im-
pact of matter effects (at least for the T2K setup) is to
break the degeneracy between NH and IH, exactly as it
occurs in the 3-flavor case, because of the shifts s13 → sm13
and ∆ → ∆m in Eqs. (43),(44).
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The modifications induced by d14 are almost as large 
as those induced by the standard CP-phase d13
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In principle we can try to explain the tension with 4n
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FIG. 3. Allowed regions determined separately by T2K and NO⌫A for NO in the SM case (left panel) and with NSI in the e�µ
sector (middle panel) and in the e� ⌧ sector (right panel). In the middle panel we have taken the NSI parameters at their best
fit values of T2K + NO⌫A (|"eµ| = 0.15,�eµ = 1.38⇡). Similarly, in the right panel we have taken |"e⌧ | = 0.275,�e⌧ = 1.62⇡.
The contours are drawn at the 68% and 90% C.L. for 2 d.o.f. The comparison of the middle and right panels with the left one
clearly evidences the reduction of the tension between the two experiments in the presence of NSI of both types.

|"e⌧ | = 0.275,�e⌧ = 1.62⇡ (right panel). The contours
are drawn at the 68% and 90% C.L. for 2 d.o.f. In the
SM case a clear mismatch in the determination of the CP-
phase �CP among the two experiments is evident. While
NO⌫A prefers values close to �CP ⇠ 0.8⇡, T2K identifies
a value of �CP ⇠ 1.4⇡. Such two estimates, which have
a di↵erence of phase of about ⇡/2, are in disagreement
at more than 90% C.L. for 2 d.o.f.. The reduction of
the tension between the two experiments obtained in the
presence of NSI is evident both in the middle and right
panels where the best fit values of �CP are very close to
the common value �CP ⇠ 3⇡/2. We see that the value
of �CP preferred by T2K is basically unchanged in the
presence of NSI as this experiment has a reduced sensi-
tivity to matter e↵ects. As a consequence the value of
�
T2K

CP
⇠ 3⇡/2 identified by T2K can be considered a faith-

ful estimate of its true value both in SM and in SM+NSI
scenarios. In contrast, NO⌫A due to the enhanced sensi-
tivity to matter e↵ects, if NSI are not taken into account
(left panel), identifies a fake value of �NOvA

CP
⇠ 0.8⇡. In

NO⌫A, the preference for the true value of �CP ⇠ 3⇡/2 is
restored once the NSI are taken into account (middle and
right panels). Therefore, it seems that NSI o↵er a very
simple and elegant way to solve the discrepancy among
the two experiments. We also note that the allowed re-
gions for NO⌫A are qualitatively di↵erent in the e � µ

and e�⌧ NSI cases. In fact, in the first case there is a sin-
gle allowed region while in the second case there are two
degenerate lobes. This di↵erent behavior can be traced
to the fact that the transition probabilities are di↵erent
in the two cases. More specifically, the sign in front of
the coe�cient b of P2 in Eq. (11) [see Eqs. (14) and (15)]
is opposite in the two scenarios.

For completeness, in the Supplemental Material (which
includes references [49–51]), we provide three additional
figures. First, we present a so-called bievents plot
(Fig. S1) meant to elucidate the tension between T2K

and NO⌫A and its resolutions with NSI. Second, we pro-
vide a figure (Fig. S2) analogous to Fig. 3 but referring to
the IO case. This plot clarifies why (as shown in Figs. 1
and 2 and also in Table I), in the IO case there is basi-
cally no preference for non-zero NSI. Finally, in Fig. S3,
we show the one-dimensional projections on the standard
oscillation parameters �CP, ✓23 and |�m

2
31
| from the com-

bination of NO⌫A and T2K, with and without NSI. Note
that Fig. S1 is not present in the Supplemental Material
published in PRL.
Conclusions. In this paper we have investigated the

impact of NSI on the tension recently emerged in the lat-
est T2K and NO⌫A data. Our main result is that such
a tension can be resolved by non-standard interactions
(NSI) of the flavor changing type involving the e�µ and
e� ⌧ flavors. We underline that, apart from the LBL ac-
celerator data, it would be very important to complement
our study considering the atmospheric neutrino data. To
this regard, we mention the recent IceCube DeepCore
analysis [48], which starts to probe values of the NSI cou-
plings below ⇠ 0.2, close but not incompatible to those
relevant to the present analysis. We also hope that Su-
perKamiokande may provide an updated analysis of the
atmospheric data in the presence of NSI, which is cur-
rently unfeasible from outside the collaboration.
Our results point towards relatively large e↵ective NSI

couplings of the order of ten per cent. Taking into ac-
count Eq. (4), these may correspond to couplings of a few
per cent at the level of the fundamental constituents (u
and d quarks and electrons). A major challenge in gen-
erating such observable NSI in any UV-complete model
is that there are stringent bounds arising from charged-
lepton flavor violation. In fact, when the new physics
responsible for the generation of the neutrino NSI is due
to mediators heavier than the electroweak symmetry-
breaking scale, one expects also that the charged leptons
are involved as components of the doublet of SU(2). One

4

Why?

However, it doesn’t work: tension is still there!
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2 �

_ _ _
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23f
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Gaining insight with bievents plots
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In agreement with dCP ∼ 3p/2 ellipse.
On this ellipse it pins down feµ ∼ 3p/2 

Strongly favors dCP ∼ 3p/2 ellipse
(almost no sensitivity to feµ)

……. dCP = 0
……. dCP = p/2
……. dCP = p
****** dCP = 3p/2

▲ feµ = 0
◼ feµ = p/2
● feµ = p
◆ feµ = 3p/2

NOnAT2K

Pµe
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Biprobability plots in the presence of NSI 
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Conclusions

T2K and NOnA display a tension at ∼2 sigma level

Complex flavor-changing NSI can solve the tension for e ∼ 0.2

Sterile neutrinos are not able to do the same job

Dynamical (NSI) vs Kinematical (sterile) mechanism

If the NSI indication persists, Hyper-Kamiokande T2HK and 
DUNE will definitely confirm/disconfirm it.
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FIG. 1: Estimates of the oscillation parameters for the 3-flavor (upper panels) and 4-flavor (lower panels) scenarios determined
by the combination of T2K and NO⌫A (with reactor constraint). The continuous (dashed) curves refer to NO (IO).

able to explain the tension is given by hypothetical neutrino non-standard interactions (NSIs), as recently shown
in [72] (see also [73]). This di↵erent capability of NSIs to resolve the discrepancy between the two experiments stems
from their dependence on matter e↵ects, to which T2K and NO⌫A have a di↵erent sensitivity, as already noticed in
a previous work [74]. In contrast, in the case of sterile neutrinos and non-unitary neutrino mixing only kinematical
(vacuum) e↵ects are involved.

Concerning the atmospheric mixing angle ✓23 (middle panels) we see that, regardless of the NMO, the best fit lies
in the higher octant (sin2 ✓23 ⇠ 0.57) in the 3-flavor case. In the 4-flavor scenario, the preference swaps to the lower
octant (sin2 ✓23 ⇠ 0.46). This is in agreement with the behavior predicted in the forecast study [40], which evidenced
that sterile neutrinos may hamper the determination of the octant of ✓23 even in future LBL experiments. Finally,
in the right panels we report the estimate of the atmospheric mass-squared �m

2
31 splitting. From these plots we can

observe that both in NO and IO the best fit values and allowed ranges are very similar in the 3-flavor and 4-flavor
schemes.

In order to better understand how the 1-dimensional constraints shown in Fig. 1 arise, it is useful to look at the
2-dimensional pojections in the plane spanned by a couple of oscillation parameters. In addition, such plots will
enrich our comprehension by evidencing potential correlations among the oscillation parameters. Figure 2 displays
the constraints in the plane spanned by ✓13 and �13. Left (right) panel refers to NO (IO). The black contours represent
the 3-flavor case, while the filled regions refer to the 4-flavor scenario. In both cases we show the 68% and 90% C.L.
for two d.o.f.. Di↵erently from all other plots, in this figure, we have drawn the regions allowed by NO⌫A and T2K
without the external prior on ✓13 coming from reactor experiments. Such a prior is shown at the 1� level as a thin
vertical band in each of the two panels of Fig. 2. This figure allows us to appreciate possibles synergies between
reactor and accelerator constraints. In particular, one can observe that the level of superposition of the reactor band
with the allowed regions of the LBL experiments, is comparable in the NO and IO cases. Therefore, the inclusion of
the reactor prior on ✓13 has no role in the preference of IO over NO observed in the 1-dimensional projections shown
in Fig. 1, which entirely comes from the LBL experiments T2K and NO⌫A. In the 4-flavor case the agreement between
reactors and LBL experiments is basically unaltered, so one expects that IO will be preferred over NO also in this
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FIG. 2: Allowed regions obtained from the combination of T2K and NO⌫A (without reactor constraint) in the plane spanned
by sin2 2✓13 and �13. Left (right) panel refers to NO (IO). The black contours represent the 3-flavor case, while the filled regions
pertain to the 4-flavor scheme. The black (red) star indicates the best fit point in the 3-flavor (4-flavor) scenario. The vertical
band indicates the 1� constraint on ✓13 determined by reactor experiments.

enlarged framework, as found in the 1-dimensional projections shown in Fig. 1. Concerning the CP-phase �13, we see
that the two LBL experiments tend to favor values of �13 close to ⇠ 1.2⇡ for NO and ⇠ 1.5⇡ in IO. The combination
with reactors has almost no role also on this parameter, which currently is entirely determined by the LBL data.

Figure 3 shows the constraints in the plane spanned by ✓23 and |�m
2
31|. Left (right) panel refers to NO (IO). The

black contours represent the 3-flavor case, while the filled regions refer to the 4-flavor scenario. In both cases we show
the 68% and 90% C.L. for two d.o.f.. As expected, the allowed regions are larger in 4-flavor than in 3-flavor scheme.
This is natural as one has more freedom in the fit in the 3+1 scheme. However, one can notice that the range allowed
for |�m

2
31| is very similar in the two scenarios both in NO and IO. This feature can be understood recalling that the

�m
2
31 is constrained mostly by the disappearance channel, which probes the ⌫µ ! ⌫µ survival probability. This in

turn is almost insensitive to the presence of sterile neutrinos. Figure 4 displays the constraints in the plane spanned
by the two CP-phases �13 and �14 for NO (left panel) and IO (right panel). We can observe that although there is
an appreciable sensitivity to the new CP-phase �14, it is less constrained with respect to the 3-flavor CP-phase �13.
We note that in NO the CP-conserving case (�13, �14) = (⇡,⇡) is allowed at the 68% confidence level. In contrast, in

FIG. 3: Allowed regions obtained from the combination of T2K and NO⌫A (with reactor constraint) in the plane spanned by
sin2

✓23 and |�m
2
31|. Left (right) panel refers to NO (IO). The black contours represent the 3-flavor case, while the filled regions

pertain to the 4-flavor scheme. The black (red) star indicates the best fit point in the 3-flavor (4-flavor) scenario.
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ability probed at LBL facilities acquires a new interference term 
that depends on one new dynamical CP-phase φ. This term sums 
up with the well-known interference term related to the standard 
CP-phase δ creating a potential source of confusion in the recon-
struction of the θ23 octant. Taking the Deep Underground Neutrino 
Experiment (DUNE) [33–37] as a case study,2 we show that for 
values of the NSI coupling as small as few % (relative to the Fermi 
constant GF), for unfavorable combinations of the two CP-phases δ
and φ, the discovery potential of the octant of θ23 gets completely 
lost.

2. Theoretical framework

A neutral-current NSI can be described by a four-fermion 
dimension-six operator [6]

LNC-NSI = −2
√

2G F ε
f C
αβ

(
ναγ µ P Lνβ

)(
f γµ P C f

)
, (1)

where subscripts α, β = e, µ, τ indicate the neutrino flavor, super-
script f = e, u, d labels the matter fermions, superscript C = L, R
denotes the chirality of the ff current, and ε f C

αβ are dimensionless 
quantities which parametrize the strengths of the NSI’s. The her-
miticity of the interaction demands

ε f C
βα = (ε f C

αβ )∗ . (2)

For neutrino propagation through matter, the relevant combina-
tions are

εαβ ≡
∑

f =e,u,d

ε f
αβ

N f

Ne
≡

∑

f =e,u,d

(
ε f L
αβ + ε f R

αβ

) N f

Ne
, (3)

where N f denotes the number density of fermion f . For the 
Earth, we can assume neutral and isoscalar matter, implying Nn %
Np = Ne , in which case Nu % Nd % 3Ne . Therefore,

εαβ % εe
αβ + 3εu

αβ + 3εd
αβ . (4)

The NSI’s modify the effective Hamiltonian for neutrino propaga-
tion in matter, which in the flavor basis reads

H = U




0 0 0
0 k21 0
0 0 k31



 U † + V CC




1 + εee εeµ εeτ

ε∗
eµ εµµ εµτ

ε∗
eτ ε∗

µτ εττ



 , (5)

where U is the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) ma-
trix, which, in the standard parameterization, depends on three 
mixing angles (θ12, θ13, θ23) and one CP-phase (δ). We have 
also introduced the solar and atmospheric wavenumbers k21 ≡
*m2

21/2E and k31 ≡ *m2
31/2E and the charged-current matter po-

tential

V CC =
√

2G F Ne % 7.6 Ye × 10−14
[

ρ

g/cm3

]
eV , (6)

where Ye = Ne/(Np + Nn) % 0.5 is the relative electron num-
ber density in the Earth crust. It is useful to introduce the di-
mensionless quantity v = V CC/k31, whose absolute value is given 
by

|v| =
∣∣∣∣

V CC

k31

∣∣∣∣ % 0.22
[

E
2.5 GeV

]
, (7)

since it will appear in the analytical expressions of the νµ → νe
transition probability. In Eq. (7), we have taken the energy of 

2 Recent work on the impact of NSI’s at DUNE can be found in [23,21,22,15,17,
38].

the DUNE first oscillation maximum E = 2.5 GeV as a bench-
mark.

In the present work, we limit our investigation to flavor non-
diagonal NSI’s, that is, we only allow the εαβ ’s with α (= β to 
be non-zero. More specifically, we will focus our attention on the 
couplings εeµ and εeτ , which, as will we discuss in detail, intro-
duce an observable dependency from their associated CP-phase in 
the appearance νµ → νe probability probed at the LBL facilities. 
For completeness, we will comment about the (different) role of 
the third coupling εµτ , which mostly affects the νµ → νµ disap-
pearance channel and has not a critical impact in the θ23 octant 
reconstruction. We recall that the current upper bounds (at 90% 
C.L.) on the two NSI’s under consideration are: |εeµ| ! 0.33, as re-
ported in the review [1], and |εeτ | ! 0.45 as derived from the most 
recent Super-Kamiokande atmospheric data analysis [39] under the 
assumption εee = 0 (see also [40]). As we will show in detail, the 
strengths of |εeµ| and |εeτ | that can give rise to a degeneracy prob-
lem with the octant of θ23 are one order of magnitude smaller than 
these upper bounds.

3. Analytical expressions

Let us consider the transition probability relevant for the LBL 
experiment DUNE. Using the expansions available in the litera-
ture [41] one can see that in the presence of a NSI, the transition 
probability can be written approximately as the sum of three terms

Pµe % P0 + P1 + P2 , (8)

where the first two terms return the standard 3-flavor probability 
and the third one is ascribed to the presence of NSI. Noting that 
the small mixing angle sin θ13, the matter parameter v and the 
modulus |ε| of the NSI can be considered approximately of the 
same order of magnitude O(ε), while α ≡ *m2

21/*m2
31 = ±0.03

is O(ε2), one can expand the probability keeping only third order 
terms. Using a notation similar to that adopted in [11], we obtain3

P0 % 4s2
13s2

23 f 2 , (9)

P1 % 8s13s12c12s23c23α f g cos(* + δ) , (10)

P2 % 8s13s23 v|ε|[af 2 cos(δ + φ) + bf g cos(* + δ + φ)] , (11)

where * ≡ *m2
31L/4E is the atmospheric oscillating frequency re-

lated to the baseline L. For compactness, we have used the nota-
tion (si j ≡ sin θi j , ci j ≡ cos θi j), and following [43], we have intro-
duced the quantities

f ≡ sin[(1 − v)*]
1 − v

, g ≡ sin v*

v
. (12)

We observe that P0 is positive definite being independent of the 
CP-phases, and gives the leading contribution to the probability. 
In P1 one recognizes the standard 3-flavor interference term be-
tween the solar and the atmospheric frequencies. The third term 
P2 brings the dependency on the (complex) NSI coupling and of 
course is non-zero only in the presence of matter (i.e. if v (= 0). In 
Eq. (11) we have assumed for the NSI coupling the general com-
plex form

ε = |ε|eiφ . (13)

3 Interestingly, a similar decomposition of the transition probability is valid in the 
presence of a light sterile neutrino [42]. In that case, however, the origin of the new 
interference term P2 is kinematical, and it is operative also in vacuum. In fact, the 
new term is related to the interference of the atmospheric oscillations with those 
induced by the new large mass-squared splitting implied by the sterile state.
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ability probed at LBL facilities acquires a new interference term 
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Experiment (DUNE) [33–37] as a case study,2 we show that for 
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LNC-NSI = −2
√

2G F ε
f C
αβ

(
ναγ µ P Lνβ

)(
f γµ P C f

)
, (1)

where subscripts α, β = e, µ, τ indicate the neutrino flavor, super-
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denotes the chirality of the ff current, and ε f C

αβ are dimensionless 
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ε f C
βα = (ε f C

αβ )∗ . (2)
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∑
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ε f
αβ

N f

Ne
≡

∑

f =e,u,d

(
ε f L
αβ + ε f R

αβ

) N f

Ne
, (3)

where N f denotes the number density of fermion f . For the 
Earth, we can assume neutral and isoscalar matter, implying Nn %
Np = Ne , in which case Nu % Nd % 3Ne . Therefore,
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αβ + 3εd
αβ . (4)
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0 k21 0
0 0 k31
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 U † + V CC




1 + εee εeµ εeτ
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ε∗
eτ ε∗

µτ εττ



 , (5)

where U is the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) ma-
trix, which, in the standard parameterization, depends on three 
mixing angles (θ12, θ13, θ23) and one CP-phase (δ). We have 
also introduced the solar and atmospheric wavenumbers k21 ≡
*m2

21/2E and k31 ≡ *m2
31/2E and the charged-current matter po-

tential

V CC =
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2G F Ne % 7.6 Ye × 10−14
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eV , (6)

where Ye = Ne/(Np + Nn) % 0.5 is the relative electron num-
ber density in the Earth crust. It is useful to introduce the di-
mensionless quantity v = V CC/k31, whose absolute value is given 
by

|v| =
∣∣∣∣
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, (7)

since it will appear in the analytical expressions of the νµ → νe
transition probability. In Eq. (7), we have taken the energy of 

2 Recent work on the impact of NSI’s at DUNE can be found in [23,21,22,15,17,
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the DUNE first oscillation maximum E = 2.5 GeV as a bench-
mark.

In the present work, we limit our investigation to flavor non-
diagonal NSI’s, that is, we only allow the εαβ ’s with α (= β to 
be non-zero. More specifically, we will focus our attention on the 
couplings εeµ and εeτ , which, as will we discuss in detail, intro-
duce an observable dependency from their associated CP-phase in 
the appearance νµ → νe probability probed at the LBL facilities. 
For completeness, we will comment about the (different) role of 
the third coupling εµτ , which mostly affects the νµ → νµ disap-
pearance channel and has not a critical impact in the θ23 octant 
reconstruction. We recall that the current upper bounds (at 90% 
C.L.) on the two NSI’s under consideration are: |εeµ| ! 0.33, as re-
ported in the review [1], and |εeτ | ! 0.45 as derived from the most 
recent Super-Kamiokande atmospheric data analysis [39] under the 
assumption εee = 0 (see also [40]). As we will show in detail, the 
strengths of |εeµ| and |εeτ | that can give rise to a degeneracy prob-
lem with the octant of θ23 are one order of magnitude smaller than 
these upper bounds.

3. Analytical expressions

Let us consider the transition probability relevant for the LBL 
experiment DUNE. Using the expansions available in the litera-
ture [41] one can see that in the presence of a NSI, the transition 
probability can be written approximately as the sum of three terms

Pµe % P0 + P1 + P2 , (8)

where the first two terms return the standard 3-flavor probability 
and the third one is ascribed to the presence of NSI. Noting that 
the small mixing angle sin θ13, the matter parameter v and the 
modulus |ε| of the NSI can be considered approximately of the 
same order of magnitude O(ε), while α ≡ *m2
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is O(ε2), one can expand the probability keeping only third order 
terms. Using a notation similar to that adopted in [11], we obtain3
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23 f 2 , (9)

P1 % 8s13s12c12s23c23α f g cos(* + δ) , (10)

P2 % 8s13s23 v|ε|[af 2 cos(δ + φ) + bf g cos(* + δ + φ)] , (11)

where * ≡ *m2
31L/4E is the atmospheric oscillating frequency re-

lated to the baseline L. For compactness, we have used the nota-
tion (si j ≡ sin θi j , ci j ≡ cos θi j), and following [43], we have intro-
duced the quantities

f ≡ sin[(1 − v)*]
1 − v

, g ≡ sin v*

v
. (12)

We observe that P0 is positive definite being independent of the 
CP-phases, and gives the leading contribution to the probability. 
In P1 one recognizes the standard 3-flavor interference term be-
tween the solar and the atmospheric frequencies. The third term 
P2 brings the dependency on the (complex) NSI coupling and of 
course is non-zero only in the presence of matter (i.e. if v (= 0). In 
Eq. (11) we have assumed for the NSI coupling the general com-
plex form

ε = |ε|eiφ . (13)

3 Interestingly, a similar decomposition of the transition probability is valid in the 
presence of a light sterile neutrino [42]. In that case, however, the origin of the new 
interference term P2 is kinematical, and it is operative also in vacuum. In fact, the 
new term is related to the interference of the atmospheric oscillations with those 
induced by the new large mass-squared splitting implied by the sterile state.

Analytical expectations with NSI 

_
_
_ _ _

_ 𝛜3
𝛜2

𝛜3

s13 = 0.15

P2 brings one additional CP-phase fab

a = 0.03
𝛜
𝛜2

𝛜
𝛜

Pµe involves 4 small quantities 
|"↵� | ⇠ 0.2

<latexit sha1_base64="WfNq3gQipwH7bJUZ9YgZBGY8VEw=">AAACDXicbVC7SgNBFJ2NrxhfUUubwShYhd0gaBm0sYxgHpBdwt3J3WTI7IOZ2UDY5Ads/BUbC0Vs7e38GyePQhMPXDhzzr3MvcdPBFfatr+t3Nr6xuZWfruws7u3f1A8PGqoOJUM6ywWsWz5oFDwCOuaa4GtRCKEvsCmP7id+s0hSsXj6EGPEvRC6EU84Ay0kTrFs7E7BImJ4sI8MxdE0gfXRw2TMXUVD6ldrnSKJbtsz0BXibMgJbJArVP8crsxS0OMNBOgVNuxE+1lIDVnAicFN1WYABtAD9uGRhCi8rLZNRN6bpQuDWJpKtJ0pv6eyCBUahT6pjME3VfL3lT8z2unOrj2Mh4lqcaIzT8KUkF1TKfR0C6XyLQYGQJMcrMrZX2QwLQJsGBCcJZPXiWNStmxy879Zal6s4gjT07IKbkgDrkiVXJHaqROGHkkz+SVvFlP1ov1bn3MW3PWYuaY/IH1+QORxpvQ</latexit><latexit sha1_base64="WfNq3gQipwH7bJUZ9YgZBGY8VEw=">AAACDXicbVC7SgNBFJ2NrxhfUUubwShYhd0gaBm0sYxgHpBdwt3J3WTI7IOZ2UDY5Ads/BUbC0Vs7e38GyePQhMPXDhzzr3MvcdPBFfatr+t3Nr6xuZWfruws7u3f1A8PGqoOJUM6ywWsWz5oFDwCOuaa4GtRCKEvsCmP7id+s0hSsXj6EGPEvRC6EU84Ay0kTrFs7E7BImJ4sI8MxdE0gfXRw2TMXUVD6ldrnSKJbtsz0BXibMgJbJArVP8crsxS0OMNBOgVNuxE+1lIDVnAicFN1WYABtAD9uGRhCi8rLZNRN6bpQuDWJpKtJ0pv6eyCBUahT6pjME3VfL3lT8z2unOrj2Mh4lqcaIzT8KUkF1TKfR0C6XyLQYGQJMcrMrZX2QwLQJsGBCcJZPXiWNStmxy879Zal6s4gjT07IKbkgDrkiVXJHaqROGHkkz+SVvFlP1ov1bn3MW3PWYuaY/IH1+QORxpvQ</latexit><latexit sha1_base64="WfNq3gQipwH7bJUZ9YgZBGY8VEw=">AAACDXicbVC7SgNBFJ2NrxhfUUubwShYhd0gaBm0sYxgHpBdwt3J3WTI7IOZ2UDY5Ads/BUbC0Vs7e38GyePQhMPXDhzzr3MvcdPBFfatr+t3Nr6xuZWfruws7u3f1A8PGqoOJUM6ywWsWz5oFDwCOuaa4GtRCKEvsCmP7id+s0hSsXj6EGPEvRC6EU84Ay0kTrFs7E7BImJ4sI8MxdE0gfXRw2TMXUVD6ldrnSKJbtsz0BXibMgJbJArVP8crsxS0OMNBOgVNuxE+1lIDVnAicFN1WYABtAD9uGRhCi8rLZNRN6bpQuDWJpKtJ0pv6eyCBUahT6pjME3VfL3lT8z2unOrj2Mh4lqcaIzT8KUkF1TKfR0C6XyLQYGQJMcrMrZX2QwLQJsGBCcJZPXiWNStmxy879Zal6s4gjT07IKbkgDrkiVXJHaqROGHkkz+SVvFlP1ov1bn3MW3PWYuaY/IH1+QORxpvQ</latexit><latexit sha1_base64="WfNq3gQipwH7bJUZ9YgZBGY8VEw=">AAACDXicbVC7SgNBFJ2NrxhfUUubwShYhd0gaBm0sYxgHpBdwt3J3WTI7IOZ2UDY5Ads/BUbC0Vs7e38GyePQhMPXDhzzr3MvcdPBFfatr+t3Nr6xuZWfruws7u3f1A8PGqoOJUM6ywWsWz5oFDwCOuaa4GtRCKEvsCmP7id+s0hSsXj6EGPEvRC6EU84Ay0kTrFs7E7BImJ4sI8MxdE0gfXRw2TMXUVD6ldrnSKJbtsz0BXibMgJbJArVP8crsxS0OMNBOgVNuxE+1lIDVnAicFN1WYABtAD9uGRhCi8rLZNRN6bpQuDWJpKtJ0pv6eyCBUahT6pjME3VfL3lT8z2unOrj2Mh4lqcaIzT8KUkF1TKfR0C6XyLQYGQJMcrMrZX2QwLQJsGBCcJZPXiWNStmxy879Zal6s4gjT07IKbkgDrkiVXJHaqROGHkkz+SVvFlP1ov1bn3MW3PWYuaY/IH1+QORxpvQ</latexit>

v =
2VCCE

�m2
31

= 0.18


E

2.0GeV

�

<latexit sha1_base64="m1f1SRIfzE/OAUiYR8LYO6CRzz8="></latexit><latexit sha1_base64="m1f1SRIfzE/OAUiYR8LYO6CRzz8="></latexit><latexit sha1_base64="m1f1SRIfzE/OAUiYR8LYO6CRzz8="></latexit><latexit sha1_base64="m1f1SRIfzE/OAUiYR8LYO6CRzz8="></latexit>

Pµe is the sum of three terms { <latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit> { <latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit><latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit>

SM NSI

● For fixed fab à ellipse for varying dCP

v ⇠ 0.05
<latexit sha1_base64="CI9WSwEwGQ5IGSeGaUVrRpLwNfs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AOmQ8mkmTY0jyHJFMrQz3DjQhG3fo07/8a0nYVWD4QczrmXe++JU86M9f0vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOlujA3lTNKWZZbTbqopFjGnnXh8N/c7E6oNU/LRTlMaCTyULGEEWyeFE9QzTCC/7l/1qzX3LYD+kqAgNSjQ7Fc/ewNFMkGlJRwbEwZ+aqMca8sIp7NKLzM0xWSMhzR0VGJBTZQvVp6hM6cMUKK0e9KihfqzI8fCmKmIXaXAdmRWvbn4nxdmNrmJcibTzFJJloOSjCOr0Px+NGCaEsunjmCimdsVkRHWmFiXUsWFEKye/Je0L+qBXw8eLmuN2yKOMpzAKZxDANfQgHtoQgsIKHiCF3j1rPfsvXnvy9KSV/Qcwy94H99tYZAG</latexit><latexit sha1_base64="CI9WSwEwGQ5IGSeGaUVrRpLwNfs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AOmQ8mkmTY0jyHJFMrQz3DjQhG3fo07/8a0nYVWD4QczrmXe++JU86M9f0vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOlujA3lTNKWZZbTbqopFjGnnXh8N/c7E6oNU/LRTlMaCTyULGEEWyeFE9QzTCC/7l/1qzX3LYD+kqAgNSjQ7Fc/ewNFMkGlJRwbEwZ+aqMca8sIp7NKLzM0xWSMhzR0VGJBTZQvVp6hM6cMUKK0e9KihfqzI8fCmKmIXaXAdmRWvbn4nxdmNrmJcibTzFJJloOSjCOr0Px+NGCaEsunjmCimdsVkRHWmFiXUsWFEKye/Je0L+qBXw8eLmuN2yKOMpzAKZxDANfQgHtoQgsIKHiCF3j1rPfsvXnvy9KSV/Qcwy94H99tYZAG</latexit><latexit sha1_base64="CI9WSwEwGQ5IGSeGaUVrRpLwNfs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AOmQ8mkmTY0jyHJFMrQz3DjQhG3fo07/8a0nYVWD4QczrmXe++JU86M9f0vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOlujA3lTNKWZZbTbqopFjGnnXh8N/c7E6oNU/LRTlMaCTyULGEEWyeFE9QzTCC/7l/1qzX3LYD+kqAgNSjQ7Fc/ewNFMkGlJRwbEwZ+aqMca8sIp7NKLzM0xWSMhzR0VGJBTZQvVp6hM6cMUKK0e9KihfqzI8fCmKmIXaXAdmRWvbn4nxdmNrmJcibTzFJJloOSjCOr0Px+NGCaEsunjmCimdsVkRHWmFiXUsWFEKye/Je0L+qBXw8eLmuN2yKOMpzAKZxDANfQgHtoQgsIKHiCF3j1rPfsvXnvy9KSV/Qcwy94H99tYZAG</latexit><latexit sha1_base64="CI9WSwEwGQ5IGSeGaUVrRpLwNfs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AOmQ8mkmTY0jyHJFMrQz3DjQhG3fo07/8a0nYVWD4QczrmXe++JU86M9f0vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOlujA3lTNKWZZbTbqopFjGnnXh8N/c7E6oNU/LRTlMaCTyULGEEWyeFE9QzTCC/7l/1qzX3LYD+kqAgNSjQ7Fc/ewNFMkGlJRwbEwZ+aqMca8sIp7NKLzM0xWSMhzR0VGJBTZQvVp6hM6cMUKK0e9KihfqzI8fCmKmIXaXAdmRWvbn4nxdmNrmJcibTzFJJloOSjCOr0Px+NGCaEsunjmCimdsVkRHWmFiXUsWFEKye/Je0L+qBXw8eLmuN2yKOMpzAKZxDANfQgHtoQgsIKHiCF3j1rPfsvXnvy9KSV/Qcwy94H99tYZAG</latexit>

v ⇠ 0.18
<latexit sha1_base64="8EyCiDAeBBdRBVkFZFwc+MR0EXo=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI5BLx4jmBjYLGF2MpsMmccyMxsISz7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGJVpQttEcaW7MTaUM0nblllOu6mmWMScPsXju7n/NKHaMCUf7TSlkcBDyRJGsHVSOEE9wwTy60GjX635dX8BtE6CgtSgQKtf/eoNFMkElZZwbEwY+KmNcqwtI5zOKr3M0BSTMR7S0FGJBTVRvjh5hi6cMkCJ0q6kRQv190SOhTFTEbtOge3IrHpz8T8vzGzSiHIm08xSSZaLkowjq9D8fzRgmhLLp45gopm7FZER1phYl1LFhRCsvrxOOlf1wEX2cF1r3hZxlOEMzuESAriBJtxDC9pAQMEzvMKbZ70X7937WLaWvGLmFP7A+/wBc3KQCg==</latexit><latexit sha1_base64="8EyCiDAeBBdRBVkFZFwc+MR0EXo=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI5BLx4jmBjYLGF2MpsMmccyMxsISz7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGJVpQttEcaW7MTaUM0nblllOu6mmWMScPsXju7n/NKHaMCUf7TSlkcBDyRJGsHVSOEE9wwTy60GjX635dX8BtE6CgtSgQKtf/eoNFMkElZZwbEwY+KmNcqwtI5zOKr3M0BSTMR7S0FGJBTVRvjh5hi6cMkCJ0q6kRQv190SOhTFTEbtOge3IrHpz8T8vzGzSiHIm08xSSZaLkowjq9D8fzRgmhLLp45gopm7FZER1phYl1LFhRCsvrxOOlf1wEX2cF1r3hZxlOEMzuESAriBJtxDC9pAQMEzvMKbZ70X7937WLaWvGLmFP7A+/wBc3KQCg==</latexit><latexit sha1_base64="8EyCiDAeBBdRBVkFZFwc+MR0EXo=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI5BLx4jmBjYLGF2MpsMmccyMxsISz7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGJVpQttEcaW7MTaUM0nblllOu6mmWMScPsXju7n/NKHaMCUf7TSlkcBDyRJGsHVSOEE9wwTy60GjX635dX8BtE6CgtSgQKtf/eoNFMkElZZwbEwY+KmNcqwtI5zOKr3M0BSTMR7S0FGJBTVRvjh5hi6cMkCJ0q6kRQv190SOhTFTEbtOge3IrHpz8T8vzGzSiHIm08xSSZaLkowjq9D8fzRgmhLLp45gopm7FZER1phYl1LFhRCsvrxOOlf1wEX2cF1r3hZxlOEMzuESAriBJtxDC9pAQMEzvMKbZ70X7937WLaWvGLmFP7A+/wBc3KQCg==</latexit><latexit sha1_base64="8EyCiDAeBBdRBVkFZFwc+MR0EXo=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI5BLx4jmBjYLGF2MpsMmccyMxsISz7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGJVpQttEcaW7MTaUM0nblllOu6mmWMScPsXju7n/NKHaMCUf7TSlkcBDyRJGsHVSOEE9wwTy60GjX635dX8BtE6CgtSgQKtf/eoNFMkElZZwbEwY+KmNcqwtI5zOKr3M0BSTMR7S0FGJBTVRvjh5hi6cMkCJ0q6kRQv190SOhTFTEbtOge3IrHpz8T8vzGzSiHIm08xSSZaLkowjq9D8fzRgmhLLp45gopm7FZER1phYl1LFhRCsvrxOOlf1wEX2cF1r3hZxlOEMzuESAriBJtxDC9pAQMEzvMKbZ70X7937WLaWvGLmFP7A+/wBc3KQCg==</latexit>

T2K
NOvA

⌫ ! ⌫̄ [v, �CP ,�↵� ] ! [�v,��CP ,��↵� ]
<latexit sha1_base64="B1n5qJyjXmDxzudFDBDluWMfe9Y="></latexit><latexit sha1_base64="B1n5qJyjXmDxzudFDBDluWMfe9Y="></latexit><latexit sha1_base64="B1n5qJyjXmDxzudFDBDluWMfe9Y="></latexit><latexit sha1_base64="B1n5qJyjXmDxzudFDBDluWMfe9Y="></latexit>

Parametric curve in biprobability plot:
● For fixed dCP à ellipse for varying fab

a = s223, b = c223 if ↵� = eµ
<latexit sha1_base64="Y9TBkwM0d0Oa/bv6hIvMIe8tLlk="></latexit><latexit sha1_base64="Y9TBkwM0d0Oa/bv6hIvMIe8tLlk="></latexit><latexit sha1_base64="Y9TBkwM0d0Oa/bv6hIvMIe8tLlk="></latexit><latexit sha1_base64="Y9TBkwM0d0Oa/bv6hIvMIe8tLlk="></latexit>

a = s23c23, b = �s23c23 if ↵� = e⌧
<latexit sha1_base64="6x4vK90FVcoNKIqJ557VfveRBHo="></latexit><latexit sha1_base64="6x4vK90FVcoNKIqJ557VfveRBHo="></latexit><latexit sha1_base64="6x4vK90FVcoNKIqJ557VfveRBHo="></latexit><latexit sha1_base64="6x4vK90FVcoNKIqJ557VfveRBHo="></latexit>

[x, y] = [Pµe, Pµe]
_
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T2K and NOvA have different baselines and peak energies (L/E = costant)

Why to consider non-standard interactions 

Matter effects depend on the ratio v =
2VCCE

�m2
31

= 0.18


E

2.0GeV

�

<latexit sha1_base64="m1f1SRIfzE/OAUiYR8LYO6CRzz8="></latexit><latexit sha1_base64="m1f1SRIfzE/OAUiYR8LYO6CRzz8="></latexit><latexit sha1_base64="m1f1SRIfzE/OAUiYR8LYO6CRzz8="></latexit><latexit sha1_base64="m1f1SRIfzE/OAUiYR8LYO6CRzz8="></latexit>

v ⇠ 0.05
<latexit sha1_base64="CI9WSwEwGQ5IGSeGaUVrRpLwNfs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AOmQ8mkmTY0jyHJFMrQz3DjQhG3fo07/8a0nYVWD4QczrmXe++JU86M9f0vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOlujA3lTNKWZZbTbqopFjGnnXh8N/c7E6oNU/LRTlMaCTyULGEEWyeFE9QzTCC/7l/1qzX3LYD+kqAgNSjQ7Fc/ewNFMkGlJRwbEwZ+aqMca8sIp7NKLzM0xWSMhzR0VGJBTZQvVp6hM6cMUKK0e9KihfqzI8fCmKmIXaXAdmRWvbn4nxdmNrmJcibTzFJJloOSjCOr0Px+NGCaEsunjmCimdsVkRHWmFiXUsWFEKye/Je0L+qBXw8eLmuN2yKOMpzAKZxDANfQgHtoQgsIKHiCF3j1rPfsvXnvy9KSV/Qcwy94H99tYZAG</latexit><latexit sha1_base64="CI9WSwEwGQ5IGSeGaUVrRpLwNfs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AOmQ8mkmTY0jyHJFMrQz3DjQhG3fo07/8a0nYVWD4QczrmXe++JU86M9f0vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOlujA3lTNKWZZbTbqopFjGnnXh8N/c7E6oNU/LRTlMaCTyULGEEWyeFE9QzTCC/7l/1qzX3LYD+kqAgNSjQ7Fc/ewNFMkGlJRwbEwZ+aqMca8sIp7NKLzM0xWSMhzR0VGJBTZQvVp6hM6cMUKK0e9KihfqzI8fCmKmIXaXAdmRWvbn4nxdmNrmJcibTzFJJloOSjCOr0Px+NGCaEsunjmCimdsVkRHWmFiXUsWFEKye/Je0L+qBXw8eLmuN2yKOMpzAKZxDANfQgHtoQgsIKHiCF3j1rPfsvXnvy9KSV/Qcwy94H99tYZAG</latexit><latexit sha1_base64="CI9WSwEwGQ5IGSeGaUVrRpLwNfs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AOmQ8mkmTY0jyHJFMrQz3DjQhG3fo07/8a0nYVWD4QczrmXe++JU86M9f0vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOlujA3lTNKWZZbTbqopFjGnnXh8N/c7E6oNU/LRTlMaCTyULGEEWyeFE9QzTCC/7l/1qzX3LYD+kqAgNSjQ7Fc/ewNFMkGlJRwbEwZ+aqMca8sIp7NKLzM0xWSMhzR0VGJBTZQvVp6hM6cMUKK0e9KihfqzI8fCmKmIXaXAdmRWvbn4nxdmNrmJcibTzFJJloOSjCOr0Px+NGCaEsunjmCimdsVkRHWmFiXUsWFEKye/Je0L+qBXw8eLmuN2yKOMpzAKZxDANfQgHtoQgsIKHiCF3j1rPfsvXnvy9KSV/Qcwy94H99tYZAG</latexit><latexit sha1_base64="CI9WSwEwGQ5IGSeGaUVrRpLwNfs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AOmQ8mkmTY0jyHJFMrQz3DjQhG3fo07/8a0nYVWD4QczrmXe++JU86M9f0vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOlujA3lTNKWZZbTbqopFjGnnXh8N/c7E6oNU/LRTlMaCTyULGEEWyeFE9QzTCC/7l/1qzX3LYD+kqAgNSjQ7Fc/ewNFMkGlJRwbEwZ+aqMca8sIp7NKLzM0xWSMhzR0VGJBTZQvVp6hM6cMUKK0e9KihfqzI8fCmKmIXaXAdmRWvbn4nxdmNrmJcibTzFJJloOSjCOr0Px+NGCaEsunjmCimdsVkRHWmFiXUsWFEKye/Je0L+qBXw8eLmuN2yKOMpzAKZxDANfQgHtoQgsIKHiCF3j1rPfsvXnvy9KSV/Qcwy94H99tYZAG</latexit>

T2K

NOvA

New matter effects encoded by NSI are also proportional to 

T2K is a “quasivacuum” experiment. Its estimate of dCP is independent of NSI. 

NOvA is a “matter dominated” experiment. The extracted value of dCP is
affected by NSI. If NSI are taken into account, the estimate of dCP should 
return in agreement with that of T2K.

Basic Idea: suppose NSI exist, then: 

v
<latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit>

v ⇠ 0.17
<latexit sha1_base64="s0RlfKeIBl3A5bQTzq1tXNmPsA4=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmBjYLGF2MpsMmccyMxsISz7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGJVpQttEcaW7MTaUM0nblllOu6mmWMScPsXju7n/NKHaMCUf7TSlkcBDyRJGsHVSOEE9wwTy60GjX635dX8BtE6CgtSgQKtf/eoNFMkElZZwbEwY+KmNcqwtI5zOKr3M0BSTMR7S0FGJBTVRvjh5hi6cMkCJ0q6kRQv190SOhTFTEbtOge3IrHpz8T8vzGxyE+VMppmlkiwXJRlHVqH5/2jANCWWTx3BRDN3KyIjrDGxLqWKCyFYfXmddK7qgYvs4brWvC3iKMMZnMMlBNCAJtxDC9pAQMEzvMKbZ70X7937WLaWvGLmFP7A+/wBce6QCQ==</latexit><latexit sha1_base64="s0RlfKeIBl3A5bQTzq1tXNmPsA4=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmBjYLGF2MpsMmccyMxsISz7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGJVpQttEcaW7MTaUM0nblllOu6mmWMScPsXju7n/NKHaMCUf7TSlkcBDyRJGsHVSOEE9wwTy60GjX635dX8BtE6CgtSgQKtf/eoNFMkElZZwbEwY+KmNcqwtI5zOKr3M0BSTMR7S0FGJBTVRvjh5hi6cMkCJ0q6kRQv190SOhTFTEbtOge3IrHpz8T8vzGxyE+VMppmlkiwXJRlHVqH5/2jANCWWTx3BRDN3KyIjrDGxLqWKCyFYfXmddK7qgYvs4brWvC3iKMMZnMMlBNCAJtxDC9pAQMEzvMKbZ70X7937WLaWvGLmFP7A+/wBce6QCQ==</latexit><latexit sha1_base64="s0RlfKeIBl3A5bQTzq1tXNmPsA4=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmBjYLGF2MpsMmccyMxsISz7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGJVpQttEcaW7MTaUM0nblllOu6mmWMScPsXju7n/NKHaMCUf7TSlkcBDyRJGsHVSOEE9wwTy60GjX635dX8BtE6CgtSgQKtf/eoNFMkElZZwbEwY+KmNcqwtI5zOKr3M0BSTMR7S0FGJBTVRvjh5hi6cMkCJ0q6kRQv190SOhTFTEbtOge3IrHpz8T8vzGxyE+VMppmlkiwXJRlHVqH5/2jANCWWTx3BRDN3KyIjrDGxLqWKCyFYfXmddK7qgYvs4brWvC3iKMMZnMMlBNCAJtxDC9pAQMEzvMKbZ70X7937WLaWvGLmFP7A+/wBce6QCQ==</latexit><latexit sha1_base64="s0RlfKeIBl3A5bQTzq1tXNmPsA4=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmBjYLGF2MpsMmccyMxsISz7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGJVpQttEcaW7MTaUM0nblllOu6mmWMScPsXju7n/NKHaMCUf7TSlkcBDyRJGsHVSOEE9wwTy60GjX635dX8BtE6CgtSgQKtf/eoNFMkElZZwbEwY+KmNcqwtI5zOKr3M0BSTMR7S0FGJBTVRvjh5hi6cMkCJ0q6kRQv190SOhTFTEbtOge3IrHpz8T8vzGxyE+VMppmlkiwXJRlHVqH5/2jANCWWTx3BRDN3KyIjrDGxLqWKCyFYfXmddK7qgYvs4brWvC3iKMMZnMMlBNCAJtxDC9pAQMEzvMKbZ70X7937WLaWvGLmFP7A+/wBce6QCQ==</latexit>
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Summary of the results of the fit (NOnA + T2K) 

FIG. 1. Allowed regions determined by the combination of
T2K and NO⌫A for NO (left panels) and IO (right panels).
The upper (lower) panels refer to "eµ("e⌧ ) taken one at a time.
In the upper (lower) panels the NSI CP-phase �eµ (�e⌧ ) has
been marginalized. In all panels the atmospheric parame-
ters �m2

31 and ✓23 have been marginalized. The contours are
drawn at the 68% and 90% confidence level for 2 d.o.f..

�CP is close to 3⇡/2. We will come back later on this im-
portant point.

Figure 2 shows the results of the analysis of the com-
bination of T2K and NO⌫A similar to Fig. 1. In this
case, however, each panel displays the allowed regions in
the plane spanned by the relevant NSI coupling (|"eµ| or
|"e⌧ |) and the corresponding CP-phase (�eµ or �e⌧ ). The
standard CP-phase �CP, the mixing angles ✓23 and ✓13,
and the squared-mass �m

2
31

are marginalized away. It
is intriguing to note how in the NO case the preferred
value for both the new CP-phases �eµ and �e⌧ is close to
3⇡/2, so indicating purely imaginary NSI, i.e. maximal
CP-violation also in the NSI sector. In Table I we report
the best fit values of the NSI couplings together with the
CP-phases and the value of ��

2 = �
2

SM
� �

2

SM+NSI
for a

fixed choice of the NMO.
In Fig. 2, we superimpose the upper bounds coming

TABLE I. Best fit values and ��2 = �2
SM � �2

SM+NSI for the
two choices of the NMO.

NMO NSI |"↵� | �↵�/⇡ �CP/⇡ ��2

NO
"eµ 0.15 1.38 1.48 4.50

"e⌧ 0.27 1.62 1.46 3.75

IO
"eµ 0.02 0.96 1.50 0.07

"e⌧ 0.15 1.58 1.52 1.01

FIG. 2. Allowed regions determined by the combination of
T2K and NO⌫A for NO (left panels) and IO (right panels).
The upper (lower) panels refer to "eµ("e⌧ ) taken one at a time.
In all panels the standard CP-phase �CP has been marginal-
ized in addition to the atmospheric parameters �m2

31 and ✓23.
The contours are drawn at the 68% and 90% confidence level
for 2 d.o.f.. The dashed curves represent the upper bounds
(90% C.L., 2 d.o.f.) derived from the preliminary analysis of
the IceCube data [48].

from the preliminary analysis of IceCube data [48], which
are the most stringent ones in the literature on the rele-
vant couplings. These bounds are not incompatible with
the indication we find. Rather, they select the lower val-
ues of the couplings favored by T2K and NO⌫A. Inter-
estingly, IceCube finds |"eµ| = 0.07 as best fit point with
a preference of 1 sigma level with respect to the SM case
(see slides 20 and 33 in [48]). Also, the best fit we find
for the CP-phase �eµ ⇠ 3⇡/2 is compatible with that
found by IceCube. Although we cannot quantitatively
combine our results with those of IceCube, we can esti-
mate that |"eµ| ⇠ 0.1 is expected to come as the best fit
from such a combination with a significance around the
2 sigma confidence level.

In order to understand how the preference for a non-
zero NSI coupling arises, it is useful to look to what hap-
pens separately to NO⌫A and T2K. For this purpose,
in Fig. 3 we display the allowed regions in the plane
spanned by the standard CP-phase �CP and the atmo-
spheric mixing angle ✓23 in the NO case. The left panel
refers to the SM case, while the middle and right panels
concern the SM+NSI scenario with NSI in the e�µ and
e� ⌧ sectors respectively. In the middle and right panels
we have taken the NSI parameters at their best fit val-
ues of the combined analysis of NO⌫A and T2K. More
specifically, |"eµ| = 0.15,�eµ = 1.38⇡ (middle panel) and

3

The coupling eeµ is slightly favored over eet

No significant preference for non-zero NSI

Best fits of both CP phases dCP and fab are close to 3p/2 

Dc2 ∼ 4 signals a satisfactory resolution of the discrepancy 
NO

IO
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Similar results found by Denton, Gehrlein & Pestes, PRL 126 051801 (2021)
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Can the tension be resolved assuming IO? 

For IO the best fit of dCP is the same in T2K and NOvA (left panel). 
However, IO gains only c2IO - c2NO ∼ -2  in T2K + NOvA combination (middle panel). 

The reason is that T2K disfavors IO (dotted ellipses) (right panel). 
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FIG. S3. One-dimensional projections of the standard parameters determined by the combination of T2K and NO⌫A for NO
(continuous curves) and IO (dashed curves).

9

T2K and NOnA disappearance channel + Reactors prefer NO (c2IO - c2NO ∼ 4).
SK atmospheric data (n 2020) prefer NO (c2IO - c2NO ∼ 3). 

FIG. S1. Bievents plot for the T2K (left panels) and NO⌫A setup (right panels). The upper (lower) panels illustrate the case
of "eµ("e⌧ ). In all the ellipses the varying parameter is the standard CP phase �CP in the range [0, 2⇡]. The black ellipses
represent the SM case with best fit represented by stars. The colored ellipses represent the SM+NSI case with best fit indicated
by squares. The ellipses and the best fit points located on them are determined by fitting the combination of the two experiments
T2K and NO⌫A. The points with the error bars represent the experimental data with their statistical uncertainties.

FIG. S2. Allowed regions determined separately by T2K and NO⌫A for IO in the SM case (left panel) and with NSI in the e�µ
sector (middle panel) and in the e� ⌧ sector (right panel). In the middle panel we have taken the NSI parameters at their best
fit values of T2K + NO⌫A (|"eµ| = 0.02,�eµ = 0.96⇡). Similarly, in the right panel we have taken |"e⌧ | = 0.15,�e⌧ = 1.58⇡.
The contours are drawn at the 68% and 90% C.L. for 2 d.o.f. The comparison of the middle and right panels with the left one
neatly shows that, in the IO case, there is no improvement when adding the NSI since the values of �CP identified by T2K and
NO⌫A are in excellent agreement in the SM case.

8

Future joint fits
• Experiments with different neutrino energies have different oscillation 

probabilities and systematic uncertainties
• Combined analysis of data allows degeneracies to be broken and maximises

impact of data taken

Patrick Dunne (p.dunne12@imperial.ac.uk) 30 20 40 60 80
Total events - neutrino beam
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T2K + NOnA

Therefore, IO seems not to be the favored solution
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SM

NSI restore the preference for NO 

SM + NSI

Better agreement with all the other data 

T2K + NOnA T2K + NOnA
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T2K and NOnA point to effective couplings of about 0.2. These can be obtained 
with fundamental couplings on electrons, u and d quarks of a few %. This is still
a large number from a theoretical perspective.

Antonio Palazzo, UNIBA & INFN

What theory says about NSI?

Neutrinos are components of an SU(2)L doublet. Gauge invariance at high 
energies implies that NSI operators come together with operators involving 
charged leptons, on which there are strong constraints from CLFV.

So, it is very difficult to build models with large NSI

Note that forward scattering probes q2 = 0 and a light mediator is felt as an heavy one. 
Hence, also in this case it is legitimate to describe NSI by an effective dim-6 operator.

Tree-level see-saw [Forero & Huang 1608.04719]

Radiative see-saw  [Babu et al. 1907.09498]

Light mediators are an appealing alternative  
Farzan, Heeck 1607.07616 Farzan 1912.09408

Heavy mediators {
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[Gavela et al. 0809.3451]

Some possibilities: 

https://arxiv.org/pdf/1608.04719.pdf
https://arxiv.org/abs/1907.09498
https://arxiv.org/pdf/1607.07616.pdf
https://arxiv.org/abs/1912.09408
https://arxiv.org/pdf/0809.3451.pdf
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In agreement with dCP ∼ 3p/2 ellipse.
On this ellipse it pins down feµ ∼ 3p/2 

Strongly favors dCP ∼ 3p/2 ellipse
(almost no sensitivity to feµ)

……. dCP = 0
……. dCP = p/2
……. dCP = p
****** dCP = 3p/2

▲ feµ = 0
◼ feµ = p/2
● feµ = p
◆ feµ = 3p/2

NOnAT2K

Pµe
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Pµe
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FIG. 1. Allowed regions determined by the combination of
T2K and NO⌫A for NO (left panels) and IO (right panels).
The upper (lower) panels refer to "eµ("e⌧ ) taken one at a time.
In the upper (lower) panels the NSI CP-phase �eµ (�e⌧ ) has
been marginalized. In all panels the atmospheric parame-
ters �m2

31 and ✓23 have been marginalized. The contours are
drawn at the 68% and 90% confidence level for 2 d.o.f..

�CP is close to 3⇡/2. We will come back later on this im-
portant point.

Figure 2 shows the results of the analysis of the com-
bination of T2K and NO⌫A similar to Fig. 1. In this
case, however, each panel displays the allowed regions in
the plane spanned by the relevant NSI coupling (|"eµ| or
|"e⌧ |) and the corresponding CP-phase (�eµ or �e⌧ ). The
standard CP-phase �CP, the mixing angles ✓23 and ✓13,
and the squared-mass �m

2
31

are marginalized away. It
is intriguing to note how in the NO case the preferred
value for both the new CP-phases �eµ and �e⌧ is close to
3⇡/2, so indicating purely imaginary NSI, i.e. maximal
CP-violation also in the NSI sector. In Table I we report
the best fit values of the NSI couplings together with the
CP-phases and the value of ��

2 = �
2

SM
� �

2

SM+NSI
for a

fixed choice of the NMO.
In Fig. 2, we superimpose the upper bounds coming

TABLE I. Best fit values and ��2 = �2
SM � �2

SM+NSI for the
two choices of the NMO.

NMO NSI |"↵� | �↵�/⇡ �CP/⇡ ��2

NO
"eµ 0.15 1.38 1.48 4.50

"e⌧ 0.27 1.62 1.46 3.75

IO
"eµ 0.02 0.96 1.50 0.07

"e⌧ 0.15 1.58 1.52 1.01

FIG. 2. Allowed regions determined by the combination of
T2K and NO⌫A for NO (left panels) and IO (right panels).
The upper (lower) panels refer to "eµ("e⌧ ) taken one at a time.
In all panels the standard CP-phase �CP has been marginal-
ized in addition to the atmospheric parameters �m2

31 and ✓23.
The contours are drawn at the 68% and 90% confidence level
for 2 d.o.f.. The dashed curves represent the upper bounds
(90% C.L., 2 d.o.f.) derived from the preliminary analysis of
the IceCube data [48].

from the preliminary analysis of IceCube data [48], which
are the most stringent ones in the literature on the rele-
vant couplings. These bounds are not incompatible with
the indication we find. Rather, they select the lower val-
ues of the couplings favored by T2K and NO⌫A. Inter-
estingly, IceCube finds |"eµ| = 0.07 as best fit point with
a preference of 1 sigma level with respect to the SM case
(see slides 20 and 33 in [48]). Also, the best fit we find
for the CP-phase �eµ ⇠ 3⇡/2 is compatible with that
found by IceCube. Although we cannot quantitatively
combine our results with those of IceCube, we can esti-
mate that |"eµ| ⇠ 0.1 is expected to come as the best fit
from such a combination with a significance around the
2 sigma confidence level.

In order to understand how the preference for a non-
zero NSI coupling arises, it is useful to look to what hap-
pens separately to NO⌫A and T2K. For this purpose,
in Fig. 3 we display the allowed regions in the plane
spanned by the standard CP-phase �CP and the atmo-
spheric mixing angle ✓23 in the NO case. The left panel
refers to the SM case, while the middle and right panels
concern the SM+NSI scenario with NSI in the e�µ and
e� ⌧ sectors respectively. In the middle and right panels
we have taken the NSI parameters at their best fit val-
ues of the combined analysis of NO⌫A and T2K. More
specifically, |"eµ| = 0.15,�eµ = 1.38⇡ (middle panel) and
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FIG. 3. Allowed regions determined separately by T2K and NO⌫A for NO in the SM case (left panel) and with NSI in the e�µ
sector (middle panel) and in the e� ⌧ sector (right panel). In the middle panel we have taken the NSI parameters at their best
fit values of T2K + NO⌫A (|"eµ| = 0.15,�eµ = 1.38⇡). Similarly, in the right panel we have taken |"e⌧ | = 0.275,�e⌧ = 1.62⇡.
The contours are drawn at the 68% and 90% C.L. for 2 d.o.f. The comparison of the middle and right panels with the left one
clearly evidences the reduction of the tension between the two experiments in the presence of NSI of both types.

|"e⌧ | = 0.275,�e⌧ = 1.62⇡ (right panel). The contours
are drawn at the 68% and 90% C.L. for 2 d.o.f. In the
SM case a clear mismatch in the determination of the CP-
phase �CP among the two experiments is evident. While
NO⌫A prefers values close to �CP ⇠ 0.8⇡, T2K identifies
a value of �CP ⇠ 1.4⇡. Such two estimates, which have
a di↵erence of phase of about ⇡/2, are in disagreement
at more than 90% C.L. for 2 d.o.f.. The reduction of
the tension between the two experiments obtained in the
presence of NSI is evident both in the middle and right
panels where the best fit values of �CP are very close to
the common value �CP ⇠ 3⇡/2. We see that the value
of �CP preferred by T2K is basically unchanged in the
presence of NSI as this experiment has a reduced sensi-
tivity to matter e↵ects. As a consequence the value of
�
T2K

CP
⇠ 3⇡/2 identified by T2K can be considered a faith-

ful estimate of its true value both in SM and in SM+NSI
scenarios. In contrast, NO⌫A due to the enhanced sensi-
tivity to matter e↵ects, if NSI are not taken into account
(left panel), identifies a fake value of �NOvA

CP
⇠ 0.8⇡. In

NO⌫A, the preference for the true value of �CP ⇠ 3⇡/2 is
restored once the NSI are taken into account (middle and
right panels). Therefore, it seems that NSI o↵er a very
simple and elegant way to solve the discrepancy among
the two experiments. We also note that the allowed re-
gions for NO⌫A are qualitatively di↵erent in the e � µ

and e�⌧ NSI cases. In fact, in the first case there is a sin-
gle allowed region while in the second case there are two
degenerate lobes. This di↵erent behavior can be traced
to the fact that the transition probabilities are di↵erent
in the two cases. More specifically, the sign in front of
the coe�cient b of P2 in Eq. (11) [see Eqs. (14) and (15)]
is opposite in the two scenarios.

For completeness, in the Supplemental Material (which
includes references [49–51]), we provide three additional
figures. First, we present a so-called bievents plot
(Fig. S1) meant to elucidate the tension between T2K

and NO⌫A and its resolutions with NSI. Second, we pro-
vide a figure (Fig. S2) analogous to Fig. 3 but referring to
the IO case. This plot clarifies why (as shown in Figs. 1
and 2 and also in Table I), in the IO case there is basi-
cally no preference for non-zero NSI. Finally, in Fig. S3,
we show the one-dimensional projections on the standard
oscillation parameters �CP, ✓23 and |�m

2
31
| from the com-

bination of NO⌫A and T2K, with and without NSI. Note
that Fig. S1 is not present in the Supplemental Material
published in PRL.
Conclusions. In this paper we have investigated the

impact of NSI on the tension recently emerged in the lat-
est T2K and NO⌫A data. Our main result is that such
a tension can be resolved by non-standard interactions
(NSI) of the flavor changing type involving the e�µ and
e� ⌧ flavors. We underline that, apart from the LBL ac-
celerator data, it would be very important to complement
our study considering the atmospheric neutrino data. To
this regard, we mention the recent IceCube DeepCore
analysis [48], which starts to probe values of the NSI cou-
plings below ⇠ 0.2, close but not incompatible to those
relevant to the present analysis. We also hope that Su-
perKamiokande may provide an updated analysis of the
atmospheric data in the presence of NSI, which is cur-
rently unfeasible from outside the collaboration.
Our results point towards relatively large e↵ective NSI

couplings of the order of ten per cent. Taking into ac-
count Eq. (4), these may correspond to couplings of a few
per cent at the level of the fundamental constituents (u
and d quarks and electrons). A major challenge in gen-
erating such observable NSI in any UV-complete model
is that there are stringent bounds arising from charged-
lepton flavor violation. In fact, when the new physics
responsible for the generation of the neutrino NSI is due
to mediators heavier than the electroweak symmetry-
breaking scale, one expects also that the charged leptons
are involved as components of the doublet of SU(2). One
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NOnA allowed region is different because Pµe has different analytical form
in the two cases (the relative sign of the coefficients a and b is opposite) 

Confronting eeµ with eet
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FIG. 3. Allowed regions determined separately by T2K and NO⌫A for NO in the SM case (left panel) and with NSI in the e�µ
sector (middle panel) and in the e� ⌧ sector (right panel). In the middle panel we have taken the NSI parameters at their best
fit values of T2K + NO⌫A (|"eµ| = 0.15,�eµ = 1.38⇡). Similarly, in the right panel we have taken |"e⌧ | = 0.275,�e⌧ = 1.62⇡.
The contours are drawn at the 68% and 90% C.L. for 2 d.o.f. The comparison of the middle and right panels with the left one
clearly evidences the reduction of the tension between the two experiments in the presence of NSI of both types.
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gions for NO⌫A are qualitatively di↵erent in the e � µ

and e�⌧ NSI cases. In fact, in the first case there is a sin-
gle allowed region while in the second case there are two
degenerate lobes. This di↵erent behavior can be traced
to the fact that the transition probabilities are di↵erent
in the two cases. More specifically, the sign in front of
the coe�cient b of P2 in Eq. (11) [see Eqs. (14) and (15)]
is opposite in the two scenarios.

For completeness, in the Supplemental Material (which
includes references [49–51]), we provide three additional
figures. First, we present a so-called bievents plot
(Fig. S1) meant to elucidate the tension between T2K

and NO⌫A and its resolutions with NSI. Second, we pro-
vide a figure (Fig. S2) analogous to Fig. 3 but referring to
the IO case. This plot clarifies why (as shown in Figs. 1
and 2 and also in Table I), in the IO case there is basi-
cally no preference for non-zero NSI. Finally, in Fig. S3,
we show the one-dimensional projections on the standard
oscillation parameters �CP, ✓23 and |�m

2
31
| from the com-

bination of NO⌫A and T2K, with and without NSI. Note
that Fig. S1 is not present in the Supplemental Material
published in PRL.
Conclusions. In this paper we have investigated the

impact of NSI on the tension recently emerged in the lat-
est T2K and NO⌫A data. Our main result is that such
a tension can be resolved by non-standard interactions
(NSI) of the flavor changing type involving the e�µ and
e� ⌧ flavors. We underline that, apart from the LBL ac-
celerator data, it would be very important to complement
our study considering the atmospheric neutrino data. To
this regard, we mention the recent IceCube DeepCore
analysis [48], which starts to probe values of the NSI cou-
plings below ⇠ 0.2, close but not incompatible to those
relevant to the present analysis. We also hope that Su-
perKamiokande may provide an updated analysis of the
atmospheric data in the presence of NSI, which is cur-
rently unfeasible from outside the collaboration.
Our results point towards relatively large e↵ective NSI

couplings of the order of ten per cent. Taking into ac-
count Eq. (4), these may correspond to couplings of a few
per cent at the level of the fundamental constituents (u
and d quarks and electrons). A major challenge in gen-
erating such observable NSI in any UV-complete model
is that there are stringent bounds arising from charged-
lepton flavor violation. In fact, when the new physics
responsible for the generation of the neutrino NSI is due
to mediators heavier than the electroweak symmetry-
breaking scale, one expects also that the charged leptons
are involved as components of the doublet of SU(2). One
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