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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 

!!!!

€

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 

Discoveries

Super-K
95%

Cl 95%

Ga 95%

νµ↔ντ

νe↔νX

100

10–3

∆m
2  [e

V2 ]

10–12

10–9

10–6

10210010–210–4

tan2θ

CHOOZ

Bugey

CHORUS
NOMAD

CHORUS

KA
RM

EN
2

νe↔ντ

NOMAD

νe↔νµ

CDHSW

NOMAD

KamLAND
95%

SNO
95%

Super-K
95%

all solar 95%

http://hitoshi.berkeley.edu/neutrino

SuperK

All limits are at 90%CL
unless otherwise noted

LSND 90/99%

MiniBooNE

K2K
MINOS T2K

OPERA

ICARUS

Daya Bay 95%

Interpretation known knowns

Outstanding progress in n physics in ~ 20 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

3

3-flavor scheme now established as the standard framework…
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The 3n mass spectrum



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 of n 2020 
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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

4

Our analysis of n 2020 preliminary data

Antonio Palazzo, UNIBA & INFN

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
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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
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T2K + NOnA

Therefore, IO seems not to be the favored solution
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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

�
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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
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i.e., T2K [21] and NOvA [22]. Finally, we will also compare its reach to a proposed future

neutrino oscillation experiment with much larger statistics but a much shorter baseline, to

illustrate the importance of the long-baseline over the size of the event sample collected.

As an example, we will consider the reach of the T2HK experiment [23].

The impact of NSI in propagation at long-baseline experiments has been studied ex-

tensively in the literature, see Refs. [24–32] for an incomplete list, or see Refs. [33, 34] for

recent reviews on the topic. In particular, the reach of the LBNE experiment (very similar

to the DUNE setup considered in this work) was studied in Ref. [35]. However, this study

was performed under the assumption of a vanishing ✓13, and only one non-standard pa-

rameter was switched on at a time. In the current work, we will follow the same approach

as in Ref. [32]: all NSI parameters are included at once in the simulations, in order to

explore possible correlations and degeneracies among them. As we will see, this will reveal

two important degeneracies, potentially harmful for standard oscillation analyses.

The recent determination of ✓13 also has important consequences for the sensitivity to

NSI parameters. On one hand, the large value of ✓13 makes it possible for the interference

terms between standard and non-standard contributions to the oscillation amplitudes to

become relevant (see, e.g., Ref. [36] for a recent discussion). In addition, the value of ✓13
has now been determined to an extremely good accuracy by reactor experiments [37–39],

while the current generation of long-baseline facilities expects to significantly improve the

precision on the atmospheric parameters in the upcoming years [40]. At the verge of the

precision Era in neutrino experiments, it thus seems appropriate to reevaluate the sensitiv-

ity of current and future long-baseline experiments to NSI parameters and, in particular,

of the DUNE proposal.

The paper is structured as follows. In Sec. 2 we introduce the NSI formalism; Sec. 3

describes the simulation procedure and the more technical details of the experimental

setups under study; Sec. 4 summarizes our results, and we present our conclusions in

Sec. 5. Finally, App. A contains some more technical details regarding the implementation

of previous constraints on the oscillation parameters in our simulations.

2 The formalism of NSI in propagation

NSI a↵ecting neutrino propagation (from here on, we will refer to them simply as NSI)

take place through the following four-fermion e↵ective operators:

�LNSI = �2
p
2GF

X

f,P

✏fP↵� (⌫↵�
µPL⌫�)

�
f�µPf

�
, (2.1)

where GF is the Fermi constant, f = u, d, e stands for the index running over fermions in

the Earth matter, P stands for the projection operators PL ⌘
1
2(1� �5) or PR ⌘

1
2(1+ �5),

and ↵,� = e, µ, ⌧ . From neutrino oscillations we have no information on the separate

contribution of a given operator with coe�cient "fP↵� , but only on their sum over flavours

and chirality. The e↵ects of these operators appear in the neutrino evolution equation, in
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1 Introduction

The discovery of neutrino oscillations (and with them, neutrino masses) stands today as

one of the most clear evidences of physics beyond the Standard Model (SM). If the SM is

regarded as a low-energy e↵ective theory, neutrino masses can be added by the inclusion

of a non-renormalizable d = 5 operator, also known as the Weinberg operator [1]:

cd=5

⇤
(Lc

L�̃
⇤)(�̃†LL) , (1.1)

where LL stands for the lepton doublet, �̃ = i�2�, � being the SM Higgs doublet, and ⇤

is the scale of New Physics (NP) up to which the e↵ective theory is valid to. In Eq. 1.1,

cd=5 is a coe�cient which depends on the high energy theory responsible for the e↵ective

operator at low energies. Interestingly enough, the Weinberg operator is the only SM

gauge invariant d = 5 operator which can be constructed within the SM particle content.

Furthermore, it beautifully explains the smallness of neutrino masses with respect to the

rest of fermions in the SM through the suppression with a scale of NP at high energies.

When working in an e↵ective theory approach, however, an infinite tower of operators

would in principle be expected to take place. The e↵ective Lagrangian at low energies

would be expressed as:

L
eff = LSM +

cd=5

⇤
O

d=5 +
cd=6

⇤2
O

d=6 + . . . . (1.2)
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We focus on eeµ and eet (eµt : small effect on ne apperance and strong bounds)

f = e, u, d
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"f↵� = "f,L↵� + "f,R↵�
<latexit sha1_base64="eJ0IUdrcs5Cgkq4DjDo6JQkiulk=">AAACS3ichVA9SwNBFNyLxo/4dWppsxgEQQl3ImgjiDYWFipGA7kY3m3eJUv2PtjdE8Jx/8/Gxs4/YWOhiIWbeIUa0YGF2Zl5vN3xE8GVdpxHqzQxWZ6anpmtzM0vLC7ZyytXKk4lwzqLRSwbPigUPMK65lpgI5EIoS/w2u8fD/3rW5SKx9GlHiTYCqEb8YAz0EZq2753CxITxYW5ZR6IpAfU81FDfhPQA/qHnQXbpznd+idykbftqlNzRqDjxC1IlRQ4a9sPXidmaYiRZgKUarpOolsZSM2ZwLzipQoTYH3oYtPQCEJUrWzURU43jNKhQSzNiTQdqV8nMgiVGoS+SYage+qnNxR/85qpDvZbGY+SVGPEPhcFqaA6psNiaYdLZFoMDAEmuXkrZT2QwLSpv2JKcH9+eZxc7dRcp+ae71YPj4o6ZsgaWSebxCV75JCckDNSJ4zckSfyQl6te+vZerPeP6Mlq5hZJd9QKn8Arjq06g==</latexit><latexit sha1_base64="eJ0IUdrcs5Cgkq4DjDo6JQkiulk=">AAACS3ichVA9SwNBFNyLxo/4dWppsxgEQQl3ImgjiDYWFipGA7kY3m3eJUv2PtjdE8Jx/8/Gxs4/YWOhiIWbeIUa0YGF2Zl5vN3xE8GVdpxHqzQxWZ6anpmtzM0vLC7ZyytXKk4lwzqLRSwbPigUPMK65lpgI5EIoS/w2u8fD/3rW5SKx9GlHiTYCqEb8YAz0EZq2753CxITxYW5ZR6IpAfU81FDfhPQA/qHnQXbpznd+idykbftqlNzRqDjxC1IlRQ4a9sPXidmaYiRZgKUarpOolsZSM2ZwLzipQoTYH3oYtPQCEJUrWzURU43jNKhQSzNiTQdqV8nMgiVGoS+SYage+qnNxR/85qpDvZbGY+SVGPEPhcFqaA6psNiaYdLZFoMDAEmuXkrZT2QwLSpv2JKcH9+eZxc7dRcp+ae71YPj4o6ZsgaWSebxCV75JCckDNSJ4zckSfyQl6te+vZerPeP6Mlq5hZJd9QKn8Arjq06g==</latexit><latexit sha1_base64="eJ0IUdrcs5Cgkq4DjDo6JQkiulk=">AAACS3ichVA9SwNBFNyLxo/4dWppsxgEQQl3ImgjiDYWFipGA7kY3m3eJUv2PtjdE8Jx/8/Gxs4/YWOhiIWbeIUa0YGF2Zl5vN3xE8GVdpxHqzQxWZ6anpmtzM0vLC7ZyytXKk4lwzqLRSwbPigUPMK65lpgI5EIoS/w2u8fD/3rW5SKx9GlHiTYCqEb8YAz0EZq2753CxITxYW5ZR6IpAfU81FDfhPQA/qHnQXbpznd+idykbftqlNzRqDjxC1IlRQ4a9sPXidmaYiRZgKUarpOolsZSM2ZwLzipQoTYH3oYtPQCEJUrWzURU43jNKhQSzNiTQdqV8nMgiVGoS+SYage+qnNxR/85qpDvZbGY+SVGPEPhcFqaA6psNiaYdLZFoMDAEmuXkrZT2QwLSpv2JKcH9+eZxc7dRcp+ae71YPj4o6ZsgaWSebxCV75JCckDNSJ4zckSfyQl6te+vZerPeP6Mlq5hZJd9QKn8Arjq06g==</latexit><latexit sha1_base64="eJ0IUdrcs5Cgkq4DjDo6JQkiulk=">AAACS3ichVA9SwNBFNyLxo/4dWppsxgEQQl3ImgjiDYWFipGA7kY3m3eJUv2PtjdE8Jx/8/Gxs4/YWOhiIWbeIUa0YGF2Zl5vN3xE8GVdpxHqzQxWZ6anpmtzM0vLC7ZyytXKk4lwzqLRSwbPigUPMK65lpgI5EIoS/w2u8fD/3rW5SKx9GlHiTYCqEb8YAz0EZq2753CxITxYW5ZR6IpAfU81FDfhPQA/qHnQXbpznd+idykbftqlNzRqDjxC1IlRQ4a9sPXidmaYiRZgKUarpOolsZSM2ZwLzipQoTYH3oYtPQCEJUrWzURU43jNKhQSzNiTQdqV8nMgiVGoS+SYage+qnNxR/85qpDvZbGY+SVGPEPhcFqaA6psNiaYdLZFoMDAEmuXkrZT2QwLSpv2JKcH9+eZxc7dRcp+ae71YPj4o6ZsgaWSebxCV75JCckDNSJ4zckSfyQl6te+vZerPeP6Mlq5hZJd9QKn8Arjq06g==</latexit>

Only vectorial couplings are relevant for matter effects

"↵� ' "e↵� + 3"u↵� + 3"d↵�
<latexit sha1_base64="qi9m+Xa9LnHM/5aVUlknpf811F0=">AAACb3icfVHLSgMxFM2Mr1pftS5cKBIsgiKUGRV0WXTjsoK1QmcsdzK3Nph5mGSEMszWD3TnP7jxD0wfC23VC4GTc869SU6CVHClHefdsufmFxaXSsvlldW19Y3KZvVOJZlk2GKJSOR9AAoFj7GluRZ4n0qEKBDYDp6uhnr7BaXiSXyrByn6ETzGvMcZaEN1K6/eC0hMFRdml3sg0j5QL0ANBfUUj/CZ/u14yLGgx/T0P0c2cvw7JCxot1Jz6s6o6CxwJ6BGJtXsVt68MGFZhLFmApTquE6q/Ryk5kxgUfYyhSmwJ3jEjoExRKj8fJRXQQ8ME9JeIs2KNR2x3ztyiJQaRIFxRqD7alobkr9pnUz3Lvycx2mmMWbjg3qZoDqhw/BpyCUyLQYGAJPc3JWyPkhg2nxR2YTgTj95Ftyd1F2n7t6c1RqXkzhKZIfsk0PiknPSINekSVqEkQ+rau1Yu9anvW3v2XRsta1Jzxb5UfbRF1RGviU=</latexit><latexit sha1_base64="qi9m+Xa9LnHM/5aVUlknpf811F0=">AAACb3icfVHLSgMxFM2Mr1pftS5cKBIsgiKUGRV0WXTjsoK1QmcsdzK3Nph5mGSEMszWD3TnP7jxD0wfC23VC4GTc869SU6CVHClHefdsufmFxaXSsvlldW19Y3KZvVOJZlk2GKJSOR9AAoFj7GluRZ4n0qEKBDYDp6uhnr7BaXiSXyrByn6ETzGvMcZaEN1K6/eC0hMFRdml3sg0j5QL0ANBfUUj/CZ/u14yLGgx/T0P0c2cvw7JCxot1Jz6s6o6CxwJ6BGJtXsVt68MGFZhLFmApTquE6q/Ryk5kxgUfYyhSmwJ3jEjoExRKj8fJRXQQ8ME9JeIs2KNR2x3ztyiJQaRIFxRqD7alobkr9pnUz3Lvycx2mmMWbjg3qZoDqhw/BpyCUyLQYGAJPc3JWyPkhg2nxR2YTgTj95Ftyd1F2n7t6c1RqXkzhKZIfsk0PiknPSINekSVqEkQ+rau1Yu9anvW3v2XRsta1Jzxb5UfbRF1RGviU=</latexit><latexit sha1_base64="qi9m+Xa9LnHM/5aVUlknpf811F0=">AAACb3icfVHLSgMxFM2Mr1pftS5cKBIsgiKUGRV0WXTjsoK1QmcsdzK3Nph5mGSEMszWD3TnP7jxD0wfC23VC4GTc869SU6CVHClHefdsufmFxaXSsvlldW19Y3KZvVOJZlk2GKJSOR9AAoFj7GluRZ4n0qEKBDYDp6uhnr7BaXiSXyrByn6ETzGvMcZaEN1K6/eC0hMFRdml3sg0j5QL0ANBfUUj/CZ/u14yLGgx/T0P0c2cvw7JCxot1Jz6s6o6CxwJ6BGJtXsVt68MGFZhLFmApTquE6q/Ryk5kxgUfYyhSmwJ3jEjoExRKj8fJRXQQ8ME9JeIs2KNR2x3ztyiJQaRIFxRqD7alobkr9pnUz3Lvycx2mmMWbjg3qZoDqhw/BpyCUyLQYGAJPc3JWyPkhg2nxR2YTgTj95Ftyd1F2n7t6c1RqXkzhKZIfsk0PiknPSINekSVqEkQ+rau1Yu9anvW3v2XRsta1Jzxb5UfbRF1RGviU=</latexit><latexit sha1_base64="qi9m+Xa9LnHM/5aVUlknpf811F0=">AAACb3icfVHLSgMxFM2Mr1pftS5cKBIsgiKUGRV0WXTjsoK1QmcsdzK3Nph5mGSEMszWD3TnP7jxD0wfC23VC4GTc869SU6CVHClHefdsufmFxaXSsvlldW19Y3KZvVOJZlk2GKJSOR9AAoFj7GluRZ4n0qEKBDYDp6uhnr7BaXiSXyrByn6ETzGvMcZaEN1K6/eC0hMFRdml3sg0j5QL0ANBfUUj/CZ/u14yLGgx/T0P0c2cvw7JCxot1Jz6s6o6CxwJ6BGJtXsVt68MGFZhLFmApTquE6q/Ryk5kxgUfYyhSmwJ3jEjoExRKj8fJRXQQ8ME9JeIs2KNR2x3ztyiJQaRIFxRqD7alobkr9pnUz3Lvycx2mmMWbjg3qZoDqhw/BpyCUyLQYGAJPc3JWyPkhg2nxR2YTgTj95Ftyd1F2n7t6c1RqXkzhKZIfsk0PiknPSINekSVqEkQ+rau1Yu9anvW3v2XRsta1Jzxb5UfbRF1RGviU=</latexit>

Effective couplings in the Earth’s crust (Nn ≅ Np)

Off-diagonal eab are complex and bring a CP phase "↵� = |"↵� |ei�↵�
<latexit sha1_base64="BRAGjLG6LtJs/6Cn9HxXZVY0C+s=">AAACPHicdVA9SwNBEN3z2/h1ammzGASrcCeCNkLQxjKiiUIuhrnNnFncu1t29wLhvB9m44+ws7KxUMTW2s2H4OeDgbfvzbAzL5SCa+N5D87E5NT0zOzcfGlhcWl5xV1da+g0UwzrLBWpughBo+AJ1g03Ai+kQohDgefh9dHAP++h0jxNzkxfYiuGq4RHnIGxUts9DXqgUGou7CsPQMgu0CBEAwU9oPTmf/uG4mXOA9nln8ZIL0ptt+xVvCHob+KPSZmMUWu790EnZVmMiWECtG76njStHJThTGBRCjKNEtg1XGHT0gRi1K18eHxBt6zSoVGqbCWGDtWvEznEWvfj0HbGYLr6pzcQ//KamYn2WzlPZGYwYaOPokxQk9JBkrTDFTIj+pYAU9zuSlkXFDBj8x6E4P88+Tdp7FR8r+Kf7Jarh+M45sgG2STbxCd7pEqOSY3UCSO35JE8kxfnznlyXp23UeuEM55ZJ9/gvH8AXjWv+g==</latexit><latexit sha1_base64="BRAGjLG6LtJs/6Cn9HxXZVY0C+s=">AAACPHicdVA9SwNBEN3z2/h1ammzGASrcCeCNkLQxjKiiUIuhrnNnFncu1t29wLhvB9m44+ws7KxUMTW2s2H4OeDgbfvzbAzL5SCa+N5D87E5NT0zOzcfGlhcWl5xV1da+g0UwzrLBWpughBo+AJ1g03Ai+kQohDgefh9dHAP++h0jxNzkxfYiuGq4RHnIGxUts9DXqgUGou7CsPQMgu0CBEAwU9oPTmf/uG4mXOA9nln8ZIL0ptt+xVvCHob+KPSZmMUWu790EnZVmMiWECtG76njStHJThTGBRCjKNEtg1XGHT0gRi1K18eHxBt6zSoVGqbCWGDtWvEznEWvfj0HbGYLr6pzcQ//KamYn2WzlPZGYwYaOPokxQk9JBkrTDFTIj+pYAU9zuSlkXFDBj8x6E4P88+Tdp7FR8r+Kf7Jarh+M45sgG2STbxCd7pEqOSY3UCSO35JE8kxfnznlyXp23UeuEM55ZJ9/gvH8AXjWv+g==</latexit><latexit sha1_base64="BRAGjLG6LtJs/6Cn9HxXZVY0C+s=">AAACPHicdVA9SwNBEN3z2/h1ammzGASrcCeCNkLQxjKiiUIuhrnNnFncu1t29wLhvB9m44+ws7KxUMTW2s2H4OeDgbfvzbAzL5SCa+N5D87E5NT0zOzcfGlhcWl5xV1da+g0UwzrLBWpughBo+AJ1g03Ai+kQohDgefh9dHAP++h0jxNzkxfYiuGq4RHnIGxUts9DXqgUGou7CsPQMgu0CBEAwU9oPTmf/uG4mXOA9nln8ZIL0ptt+xVvCHob+KPSZmMUWu790EnZVmMiWECtG76njStHJThTGBRCjKNEtg1XGHT0gRi1K18eHxBt6zSoVGqbCWGDtWvEznEWvfj0HbGYLr6pzcQ//KamYn2WzlPZGYwYaOPokxQk9JBkrTDFTIj+pYAU9zuSlkXFDBj8x6E4P88+Tdp7FR8r+Kf7Jarh+M45sgG2STbxCd7pEqOSY3UCSO35JE8kxfnznlyXp23UeuEM55ZJ9/gvH8AXjWv+g==</latexit><latexit sha1_base64="BRAGjLG6LtJs/6Cn9HxXZVY0C+s=">AAACPHicdVA9SwNBEN3z2/h1ammzGASrcCeCNkLQxjKiiUIuhrnNnFncu1t29wLhvB9m44+ws7KxUMTW2s2H4OeDgbfvzbAzL5SCa+N5D87E5NT0zOzcfGlhcWl5xV1da+g0UwzrLBWpughBo+AJ1g03Ai+kQohDgefh9dHAP++h0jxNzkxfYiuGq4RHnIGxUts9DXqgUGou7CsPQMgu0CBEAwU9oPTmf/uG4mXOA9nln8ZIL0ptt+xVvCHob+KPSZmMUWu790EnZVmMiWECtG76njStHJThTGBRCjKNEtg1XGHT0gRi1K18eHxBt6zSoVGqbCWGDtWvEznEWvfj0HbGYLr6pzcQ//KamYn2WzlPZGYwYaOPokxQk9JBkrTDFTIj+pYAU9zuSlkXFDBj8x6E4P88+Tdp7FR8r+Kf7Jarh+M45sgG2STbxCd7pEqOSY3UCSO35JE8kxfnznlyXp23UeuEM55ZJ9/gvH8AXjWv+g==</latexit>
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<latexit sha1_base64="fk9gPHzqp7l1TOfYkt9IR7r10dc="></latexit><latexit sha1_base64="fk9gPHzqp7l1TOfYkt9IR7r10dc="></latexit><latexit sha1_base64="fk9gPHzqp7l1TOfYkt9IR7r10dc="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="BmAo5nRRiWcUwe6L+RllUsx5LQs="></latexit><latexit sha1_base64="BmAo5nRRiWcUwe6L+RllUsx5LQs="></latexit><latexit sha1_base64="n+UyNxjxETux3pLviW6wdhnFlZY="></latexit><latexit sha1_base64="fk9gPHzqp7l1TOfYkt9IR7r10dc="></latexit><latexit sha1_base64="fk9gPHzqp7l1TOfYkt9IR7r10dc="></latexit><latexit sha1_base64="fk9gPHzqp7l1TOfYkt9IR7r10dc="></latexit><latexit sha1_base64="fk9gPHzqp7l1TOfYkt9IR7r10dc="></latexit><latexit sha1_base64="fk9gPHzqp7l1TOfYkt9IR7r10dc="></latexit><latexit sha1_base64="fk9gPHzqp7l1TOfYkt9IR7r10dc="></latexit>
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<latexit sha1_base64="5CKpZKP/VU99khU5w/5mKVjy244=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclaQIuhGKD3BZwT6giWUynbRjZ5IwMxFKyAe48VfcuFDErR/gzr9xmnahrQcGDuecy517/JgzpW3721pYXFpeWS2sFdc3Nre2Szu7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35w4ux33qgUrEovNWjmHoC90MWMIK1kbql8rCbsvsMnSE3kJik7iXlGiNxV831LK1eZSZlV+wcaJ44U1KGKerd0pfbi0giaKgJx0p1HDvWXoqlZoTTrOgmisaYDHGfdgwNsaDKS/NjMnRolB4KImleqFGu/p5IsVBqJHyTFFgP1Kw3Fv/zOokOTr2UhXGiaUgmi4KEIx2hcTOoxyQlmo8MwUQy81dEBtiUok1/RVOCM3vyPGlWK45dcW6Oy7XzaR0F2IcDOAIHTqAG11CHBhB4hGd4hTfryXqx3q2PSXTBms7swR9Ynz8hu5sH</latexit><latexit sha1_base64="5CKpZKP/VU99khU5w/5mKVjy244=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclaQIuhGKD3BZwT6giWUynbRjZ5IwMxFKyAe48VfcuFDErR/gzr9xmnahrQcGDuecy517/JgzpW3721pYXFpeWS2sFdc3Nre2Szu7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35w4ux33qgUrEovNWjmHoC90MWMIK1kbql8rCbsvsMnSE3kJik7iXlGiNxV831LK1eZSZlV+wcaJ44U1KGKerd0pfbi0giaKgJx0p1HDvWXoqlZoTTrOgmisaYDHGfdgwNsaDKS/NjMnRolB4KImleqFGu/p5IsVBqJHyTFFgP1Kw3Fv/zOokOTr2UhXGiaUgmi4KEIx2hcTOoxyQlmo8MwUQy81dEBtiUok1/RVOCM3vyPGlWK45dcW6Oy7XzaR0F2IcDOAIHTqAG11CHBhB4hGd4hTfryXqx3q2PSXTBms7swR9Ynz8hu5sH</latexit><latexit sha1_base64="5CKpZKP/VU99khU5w/5mKVjy244=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclaQIuhGKD3BZwT6giWUynbRjZ5IwMxFKyAe48VfcuFDErR/gzr9xmnahrQcGDuecy517/JgzpW3721pYXFpeWS2sFdc3Nre2Szu7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35w4ux33qgUrEovNWjmHoC90MWMIK1kbql8rCbsvsMnSE3kJik7iXlGiNxV831LK1eZSZlV+wcaJ44U1KGKerd0pfbi0giaKgJx0p1HDvWXoqlZoTTrOgmisaYDHGfdgwNsaDKS/NjMnRolB4KImleqFGu/p5IsVBqJHyTFFgP1Kw3Fv/zOokOTr2UhXGiaUgmi4KEIx2hcTOoxyQlmo8MwUQy81dEBtiUok1/RVOCM3vyPGlWK45dcW6Oy7XzaR0F2IcDOAIHTqAG11CHBhB4hGd4hTfryXqx3q2PSXTBms7swR9Ynz8hu5sH</latexit><latexit sha1_base64="5CKpZKP/VU99khU5w/5mKVjy244=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclaQIuhGKD3BZwT6giWUynbRjZ5IwMxFKyAe48VfcuFDErR/gzr9xmnahrQcGDuecy517/JgzpW3721pYXFpeWS2sFdc3Nre2Szu7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35w4ux33qgUrEovNWjmHoC90MWMIK1kbql8rCbsvsMnSE3kJik7iXlGiNxV831LK1eZSZlV+wcaJ44U1KGKerd0pfbi0giaKgJx0p1HDvWXoqlZoTTrOgmisaYDHGfdgwNsaDKS/NjMnRolB4KImleqFGu/p5IsVBqJHyTFFgP1Kw3Fv/zOokOTr2UhXGiaUgmi4KEIx2hcTOoxyQlmo8MwUQy81dEBtiUok1/RVOCM3vyPGlWK45dcW6Oy7XzaR0F2IcDOAIHTqAG11CHBhB4hGd4hTfryXqx3q2PSXTBms7swR9Ynz8hu5sH</latexit>
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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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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.

Analytical expectations 
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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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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
<latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit>

Pµe
<latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit>

P̄µe
<latexit sha1_base64="ks8qJue0si6V7vedpAmbjtWPkaQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATy2Y7aZduNmF3o5TQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTP32IyrNE3lvxikGMR1IHnFGjZUe/JAq0ujlfpwRnPQqVbfmzkCWiVeQKhRo9Cpffj9hWYzSMEG17npuaoKcKsOZwEnZzzSmlI3oALuWShqjDvLZ1RNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fNTHQV5FymmUHJ5ouiTBCTkGkEpM8VMiPGllCmuL2VsCFVlBkbVNmG4C2+vExa5zXPrXl3F9X6dRFHCY7hBM7Ag0uowy00oAkMFDzDK7w5T86L8+58zFtXnGLmCP7A+fwB7n6SIQ==</latexit><latexit sha1_base64="ks8qJue0si6V7vedpAmbjtWPkaQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATy2Y7aZduNmF3o5TQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTP32IyrNE3lvxikGMR1IHnFGjZUe/JAq0ujlfpwRnPQqVbfmzkCWiVeQKhRo9Cpffj9hWYzSMEG17npuaoKcKsOZwEnZzzSmlI3oALuWShqjDvLZ1RNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fNTHQV5FymmUHJ5ouiTBCTkGkEpM8VMiPGllCmuL2VsCFVlBkbVNmG4C2+vExa5zXPrXl3F9X6dRFHCY7hBM7Ag0uowy00oAkMFDzDK7w5T86L8+58zFtXnGLmCP7A+fwB7n6SIQ==</latexit><latexit sha1_base64="ks8qJue0si6V7vedpAmbjtWPkaQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATy2Y7aZduNmF3o5TQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTP32IyrNE3lvxikGMR1IHnFGjZUe/JAq0ujlfpwRnPQqVbfmzkCWiVeQKhRo9Cpffj9hWYzSMEG17npuaoKcKsOZwEnZzzSmlI3oALuWShqjDvLZ1RNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fNTHQV5FymmUHJ5ouiTBCTkGkEpM8VMiPGllCmuL2VsCFVlBkbVNmG4C2+vExa5zXPrXl3F9X6dRFHCY7hBM7Ag0uowy00oAkMFDzDK7w5T86L8+58zFtXnGLmCP7A+fwB7n6SIQ==</latexit><latexit sha1_base64="ks8qJue0si6V7vedpAmbjtWPkaQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATy2Y7aZduNmF3o5TQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTP32IyrNE3lvxikGMR1IHnFGjZUe/JAq0ujlfpwRnPQqVbfmzkCWiVeQKhRo9Cpffj9hWYzSMEG17npuaoKcKsOZwEnZzzSmlI3oALuWShqjDvLZ1RNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fNTHQV5FymmUHJ5ouiTBCTkGkEpM8VMiPGllCmuL2VsCFVlBkbVNmG4C2+vExa5zXPrXl3F9X6dRFHCY7hBM7Ag0uowy00oAkMFDzDK7w5T86L8+58zFtXnGLmCP7A+fwB7n6SIQ==</latexit>

|"eµ| = 0.15
<latexit sha1_base64="SoKhE+IURXHckVI95i3jNNqomXo=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUQU3QhFNy4r2Ac0oUymN+3QySTMTAol7cKNv+LGhSJu/Qh3/o3TNgttPXDhzDn3MveeIOFMacf5tlZW19Y3Ngtbxe2d3b19++CwoeJUUqjTmMeyFRAFnAmoa6Y5tBIJJAo4NIPB7dRvDkEqFosHPUrAj0hPsJBRoo3UsUtjb0gkJIpx88zAi9LJGF9jp+JedOyyU3FmwMvEzUkZ5ah17C+vG9M0AqEpJ0q1XSfRfkakZpTDpOilChJCB6QHbUMFiUD52eyICT4xSheHsTQlNJ6pvycyEik1igLTGRHdV4veVPzPa6c6vPIzJpJUg6Dzj8KUYx3jaSK4yyRQzUeGECqZ2RXTPpGEapNb0YTgLp68TBpnFddEdn9ert7kcRRQCR2jU+SiS1RFd6iG6oiiR/SMXtGb9WS9WO/Wx7x1xcpnjtAfWJ8/3pyXiw==</latexit><latexit sha1_base64="SoKhE+IURXHckVI95i3jNNqomXo=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUQU3QhFNy4r2Ac0oUymN+3QySTMTAol7cKNv+LGhSJu/Qh3/o3TNgttPXDhzDn3MveeIOFMacf5tlZW19Y3Ngtbxe2d3b19++CwoeJUUqjTmMeyFRAFnAmoa6Y5tBIJJAo4NIPB7dRvDkEqFosHPUrAj0hPsJBRoo3UsUtjb0gkJIpx88zAi9LJGF9jp+JedOyyU3FmwMvEzUkZ5ah17C+vG9M0AqEpJ0q1XSfRfkakZpTDpOilChJCB6QHbUMFiUD52eyICT4xSheHsTQlNJ6pvycyEik1igLTGRHdV4veVPzPa6c6vPIzJpJUg6Dzj8KUYx3jaSK4yyRQzUeGECqZ2RXTPpGEapNb0YTgLp68TBpnFddEdn9ert7kcRRQCR2jU+SiS1RFd6iG6oiiR/SMXtGb9WS9WO/Wx7x1xcpnjtAfWJ8/3pyXiw==</latexit><latexit sha1_base64="SoKhE+IURXHckVI95i3jNNqomXo=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUQU3QhFNy4r2Ac0oUymN+3QySTMTAol7cKNv+LGhSJu/Qh3/o3TNgttPXDhzDn3MveeIOFMacf5tlZW19Y3Ngtbxe2d3b19++CwoeJUUqjTmMeyFRAFnAmoa6Y5tBIJJAo4NIPB7dRvDkEqFosHPUrAj0hPsJBRoo3UsUtjb0gkJIpx88zAi9LJGF9jp+JedOyyU3FmwMvEzUkZ5ah17C+vG9M0AqEpJ0q1XSfRfkakZpTDpOilChJCB6QHbUMFiUD52eyICT4xSheHsTQlNJ6pvycyEik1igLTGRHdV4veVPzPa6c6vPIzJpJUg6Dzj8KUYx3jaSK4yyRQzUeGECqZ2RXTPpGEapNb0YTgLp68TBpnFddEdn9ert7kcRRQCR2jU+SiS1RFd6iG6oiiR/SMXtGb9WS9WO/Wx7x1xcpnjtAfWJ8/3pyXiw==</latexit><latexit sha1_base64="SoKhE+IURXHckVI95i3jNNqomXo=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUQU3QhFNy4r2Ac0oUymN+3QySTMTAol7cKNv+LGhSJu/Qh3/o3TNgttPXDhzDn3MveeIOFMacf5tlZW19Y3Ngtbxe2d3b19++CwoeJUUqjTmMeyFRAFnAmoa6Y5tBIJJAo4NIPB7dRvDkEqFosHPUrAj0hPsJBRoo3UsUtjb0gkJIpx88zAi9LJGF9jp+JedOyyU3FmwMvEzUkZ5ah17C+vG9M0AqEpJ0q1XSfRfkakZpTDpOilChJCB6QHbUMFiUD52eyICT4xSheHsTQlNJ6pvycyEik1igLTGRHdV4veVPzPa6c6vPIzJpJUg6Dzj8KUYx3jaSK4yyRQzUeGECqZ2RXTPpGEapNb0YTgLp68TBpnFddEdn9ert7kcRRQCR2jU+SiS1RFd6iG6oiiR/SMXtGb9WS9WO/Wx7x1xcpnjtAfWJ8/3pyXiw==</latexit>

Biprobability plots in the presence of NSI 
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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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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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atmospheric data in the presence of NSI, which is cur-
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per cent at the level of the fundamental constituents (u
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is that there are stringent bounds arising from charged-
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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. 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).
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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
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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
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The upper (lower) panels refer to "eµ("e⌧ ) taken one at a time.
In all panels the standard CP-phase �CP has been marginal-
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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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Current bounds from IceCube

Thomas Ehrhardt, PPNT 2019
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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 {
<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>

[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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Conclusions

In NO, T2K and NOnA display a tension at ∼2 sigma level

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

Hard to generate such couplings with heavy mediators but 
easier with light mediators  

New IceCube data with higher statistics should be able to 
probe these couplings

If the NSI indication persists, T2HK and DUNE will definitely 
confirm/disconfirm it.
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Backup slides 
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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
<latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit>

Pµe
<latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit><latexit sha1_base64="ciw3O1Yuy3iAvYzySy5qkTQJLH8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOOsmQmdllZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVDBssFrFuR9Sg4AoblluB7UQjlZHAVjS+nfmtJ9SGx+rBThIMJR0qPuCMWic91ntZV6YEp71yxa/6c5BVEuSkAjnqvfJXtx+zVKKyTFBjOoGf2DCj2nImcFrqpgYTysZ0iB1HFZVowmx+8JScOaVPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDq7DjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADCc/wCm+e9l68d+9j0Vrw8plj+APv8weSMpA+</latexit>

P̄µe
<latexit sha1_base64="ks8qJue0si6V7vedpAmbjtWPkaQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATy2Y7aZduNmF3o5TQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTP32IyrNE3lvxikGMR1IHnFGjZUe/JAq0ujlfpwRnPQqVbfmzkCWiVeQKhRo9Cpffj9hWYzSMEG17npuaoKcKsOZwEnZzzSmlI3oALuWShqjDvLZ1RNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fNTHQV5FymmUHJ5ouiTBCTkGkEpM8VMiPGllCmuL2VsCFVlBkbVNmG4C2+vExa5zXPrXl3F9X6dRFHCY7hBM7Ag0uowy00oAkMFDzDK7w5T86L8+58zFtXnGLmCP7A+fwB7n6SIQ==</latexit><latexit sha1_base64="ks8qJue0si6V7vedpAmbjtWPkaQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATy2Y7aZduNmF3o5TQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTP32IyrNE3lvxikGMR1IHnFGjZUe/JAq0ujlfpwRnPQqVbfmzkCWiVeQKhRo9Cpffj9hWYzSMEG17npuaoKcKsOZwEnZzzSmlI3oALuWShqjDvLZ1RNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fNTHQV5FymmUHJ5ouiTBCTkGkEpM8VMiPGllCmuL2VsCFVlBkbVNmG4C2+vExa5zXPrXl3F9X6dRFHCY7hBM7Ag0uowy00oAkMFDzDK7w5T86L8+58zFtXnGLmCP7A+fwB7n6SIQ==</latexit><latexit sha1_base64="ks8qJue0si6V7vedpAmbjtWPkaQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATy2Y7aZduNmF3o5TQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTP32IyrNE3lvxikGMR1IHnFGjZUe/JAq0ujlfpwRnPQqVbfmzkCWiVeQKhRo9Cpffj9hWYzSMEG17npuaoKcKsOZwEnZzzSmlI3oALuWShqjDvLZ1RNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fNTHQV5FymmUHJ5ouiTBCTkGkEpM8VMiPGllCmuL2VsCFVlBkbVNmG4C2+vExa5zXPrXl3F9X6dRFHCY7hBM7Ag0uowy00oAkMFDzDK7w5T86L8+58zFtXnGLmCP7A+fwB7n6SIQ==</latexit><latexit sha1_base64="ks8qJue0si6V7vedpAmbjtWPkaQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATy2Y7aZduNmF3o5TQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuaFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzdTP32IyrNE3lvxikGMR1IHnFGjZUe/JAq0ujlfpwRnPQqVbfmzkCWiVeQKhRo9Cpffj9hWYzSMEG17npuaoKcKsOZwEnZzzSmlI3oALuWShqjDvLZ1RNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fNTHQV5FymmUHJ5ouiTBCTkGkEpM8VMiPGllCmuL2VsCFVlBkbVNmG4C2+vExa5zXPrXl3F9X6dRFHCY7hBM7Ag0uowy00oAkMFDzDK7w5T86L8+58zFtXnGLmCP7A+fwB7n6SIQ==</latexit>

Biprobability plots in the presence of NSI 

|"e⌧ | = 0.27
<latexit sha1_base64="OR/PoQ9e8lSN/QWQzVAPT9CMK7s=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUiKUDdC0Y3LCvYBTSiT6U07dPJgZlIoaTdu/BU3LhRx6z+482+ctllo64ELZ865l7n3+AlnUtn2t1FYW9/Y3Cpul3Z29/YPzMOjpoxTQaFBYx6Ltk8kcBZBQzHFoZ0IIKHPoeUPb2d+awRCsjh6UOMEvJD0IxYwSpSWuubpxB0RAYlkXD8zcBVJpxN8jW2rUu2aZduy58CrxMlJGeWod80vtxfTNIRIUU6k7Dh2oryMCMUoh2nJTSUkhA5JHzqaRiQE6WXzK6b4XCs9HMRCV6TwXP09kZFQynHo686QqIFc9mbif14nVcGVl7EoSRVEdPFRkHKsYjyLBPeYAKr4WBNCBdO7YjogglClgyvpEJzlk1dJs2I5tuXcX5ZrN3kcRXSCztAFclAV1dAdqqMGougRPaNX9GY8GS/Gu/GxaC0Y+cwx+gPj8wexSZgA</latexit><latexit sha1_base64="OR/PoQ9e8lSN/QWQzVAPT9CMK7s=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUiKUDdC0Y3LCvYBTSiT6U07dPJgZlIoaTdu/BU3LhRx6z+482+ctllo64ELZ865l7n3+AlnUtn2t1FYW9/Y3Cpul3Z29/YPzMOjpoxTQaFBYx6Ltk8kcBZBQzHFoZ0IIKHPoeUPb2d+awRCsjh6UOMEvJD0IxYwSpSWuubpxB0RAYlkXD8zcBVJpxN8jW2rUu2aZduy58CrxMlJGeWod80vtxfTNIRIUU6k7Dh2oryMCMUoh2nJTSUkhA5JHzqaRiQE6WXzK6b4XCs9HMRCV6TwXP09kZFQynHo686QqIFc9mbif14nVcGVl7EoSRVEdPFRkHKsYjyLBPeYAKr4WBNCBdO7YjogglClgyvpEJzlk1dJs2I5tuXcX5ZrN3kcRXSCztAFclAV1dAdqqMGougRPaNX9GY8GS/Gu/GxaC0Y+cwx+gPj8wexSZgA</latexit><latexit sha1_base64="OR/PoQ9e8lSN/QWQzVAPT9CMK7s=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUiKUDdC0Y3LCvYBTSiT6U07dPJgZlIoaTdu/BU3LhRx6z+482+ctllo64ELZ865l7n3+AlnUtn2t1FYW9/Y3Cpul3Z29/YPzMOjpoxTQaFBYx6Ltk8kcBZBQzHFoZ0IIKHPoeUPb2d+awRCsjh6UOMEvJD0IxYwSpSWuubpxB0RAYlkXD8zcBVJpxN8jW2rUu2aZduy58CrxMlJGeWod80vtxfTNIRIUU6k7Dh2oryMCMUoh2nJTSUkhA5JHzqaRiQE6WXzK6b4XCs9HMRCV6TwXP09kZFQynHo686QqIFc9mbif14nVcGVl7EoSRVEdPFRkHKsYjyLBPeYAKr4WBNCBdO7YjogglClgyvpEJzlk1dJs2I5tuXcX5ZrN3kcRXSCztAFclAV1dAdqqMGougRPaNX9GY8GS/Gu/GxaC0Y+cwx+gPj8wexSZgA</latexit><latexit sha1_base64="OR/PoQ9e8lSN/QWQzVAPT9CMK7s=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUiKUDdC0Y3LCvYBTSiT6U07dPJgZlIoaTdu/BU3LhRx6z+482+ctllo64ELZ865l7n3+AlnUtn2t1FYW9/Y3Cpul3Z29/YPzMOjpoxTQaFBYx6Ltk8kcBZBQzHFoZ0IIKHPoeUPb2d+awRCsjh6UOMEvJD0IxYwSpSWuubpxB0RAYlkXD8zcBVJpxN8jW2rUu2aZduy58CrxMlJGeWod80vtxfTNIRIUU6k7Dh2oryMCMUoh2nJTSUkhA5JHzqaRiQE6WXzK6b4XCs9HMRCV6TwXP09kZFQynHo686QqIFc9mbif14nVcGVl7EoSRVEdPFRkHKsYjyLBPeYAKr4WBNCBdO7YjogglClgyvpEJzlk1dJs2I5tuXcX5ZrN3kcRXSCztAFclAV1dAdqqMGougRPaNX9GY8GS/Gu/GxaC0Y+cwx+gPj8wexSZgA</latexit>
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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) 
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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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