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The current data of the two long-baseline accelerator experiments NOνA and T2K, shows a tension
at more than 90% C.L. for 2 degrees of freedom, in the determination of the standard CP-phase
δCP in case of neutrino normal ordering (NO). NOνA measures the value close to δCP ∼ 0.8π,
while T2K prefers the value of δCP ∼ 1.4π. We show that such a tension can be resolved if
one hypothesizes the existence of neutral-current non-standard interactions (NSI) of neutrinos
involving the flavor changing type e − µ or the e − τ sectors with couplings |εeµ | ∼ |εeτ | ∼ 0.2.
Remarkably, our analyses show that in the presence of such NSI, both the experiments point
towards the same common value of the standard CP-phase δCP ∼ 3π/2, thereby indicating towards
themaximal CP-violation in the standard 3ν framework. We also show that the best fit values of the
new CP-phases φeµ or φeτ are close to ∼ 3π/2, hence pointing towards the maximal CP-violation
in the NSI sector.
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Introduction. The newdatasets[1, 2] from the two long-baseline (LBL) accelerator experiments
NOνA and T2K were recently presented at the Neutrino 2020 Conference. Interestingly, the
measurements on the standard 3-flavor CP-phase δCP show an appreciable discrepancy between the
two experiments in case of NO, and this lies at more than 90%C.L. for 2 degrees of freedom (d.o.f.).
This discrepancy can be attributed either to a statistical fluctuation or to an unknown systematic
error,or it may be the signature of some new physics beyond the StandardModel (SM). In particular,
these two experiments are of different nature with respect to their sensitivity to the matter effects
due to their different baselines (810 km for NOνA and 295 km for T2K). This invites ample of
opportunities for the new physics to play an exciting role. In this work we explore the impact of
neutral current (NC) non-standard interactions (NSI) of neutrinos in resolving the tension between
the two experiments.

Theoretical framework. NSI represents the low-energy manifestation of high-energy physics
involving the new heavy states (for a review see [3, 4]) or, the light mediators [5]. As first recognised
in [6], NSI of type neutral current (NC) can alter the dynamics of the neutrino flavor oscillation in
matter and this can be represented by a dimension-six operator [6]

LNC−NSI = −2
√

2GFε
fC
αβ

(
ναγ

µPLνβ
) (

f γµPC f
)
, (1)

where α, β = e, µ, τ denote the neutrino flavor, f = e, u, d indicate the matter fermions, P represents
the projector operator with superscript C = L, R referring to the chirality of the f f current, and
ε
fC
αβ are the strengths of the NSI. The hermiticity of the interaction implies ε fCβα = (ε

fC
αβ )
∗. For the

neutrino propagation in matter, the effective NSI couplings can be written as

εαβ ≡
∑
f ,C

ε
fC
αβ

Nf

Ne
≡

∑
f=e,u,d

(
ε
f L
αβ + ε

f R
αβ

) Nf

Ne
, (2)

Nf being the number density of f fermion. For the neutral and isoscalar Earthmatter, Nn ' Np = Ne,
which in turn leads to Nu ' Nd ' 3Ne. So, εαβ ' εeαβ +3 εuαβ +3 εdαβ . The effective Hamiltonian
which governs the neutrino flavors oscillations through the matter gets modified in the presence of
NSI, for more details see [7]. In this work we focus only on the flavor changing non-diagonal NSIs
|εeµ | and |εeτ | 1 along with their associated CP-phases φeµ and φeτ respectively which is a crucial
ingredient to resolve the discrepancy between NOνA and T2K we are considering. Let us focus on
the conversion probability relevant for the LBL experiments T2K and NOνA. In the presence of
NSI, the probability can be expressed as the sum of three terms Pµe ' P0 + P1 + P2 which, using a
compact notation take the following forms

P0 ' 4s2
13s2

23 f 2 , (3)
P1 ' 8s13s12c12s23c23α f g cos(∆ + δCP) , (4)
P2 ' 8s13s23v |ε |[a f 2 cos(δCP + φ) + b f g cos(∆ + δCP + φ)] , (5)

where ∆ ≡ ∆m2
31L/4E is the atmospheric oscillating frequency, L is the baseline and E the neutrino

energy, α ≡ ∆m2
21/∆m2

31, and v = 2VCCE/∆m2
31. Here VCC =

√
2GFNe is the charged current

1 |εµτ | is strongly constrained by the atmospheric neutrinos, |εµτ | < 8.0 × 10−3 [8].

2



P
o
S
(
N
u
F
a
c
t
2
0
2
1
)
0
5
9

Resolving the NOνA and T2K tension in the presence of Neutrino Non-Standard interactions Sabya Sachi
Chatterjee

Figure 1: Allowed regions obtained from the combined analysis of T2KandNOνA in the plane
(
δCP/π, |εeµ |

)
and (δCP/π, |εeτ |) for both the NO and IO. The contours have been drawn at the 68% and 90% confidence
level for 2 d.o.f.. This figure has been taken from [7].

matter potential. For brevity, we have used the notation (si j ≡ sin θi j , ci j ≡ cos θi j), and also we
have,

f ≡
sin[(1 − v)∆]

1 − v
, g ≡

sin v∆
v

(6)

a = s2
23, b = c2

23 if ε = |εeµ |eiφeµ , (7)
a = s23c23, b = −s23c23 if ε = |εeτ |eiφeτ (8)

In the expressions given in Eqs. (3)-(5) for P0, P1 and P2, the sign of ∆, α and v is positive (negative)
for normal (inverted) ordering. Similarly for antineutrinos, the sign of all the CP-phases and of the
matter parameter v are flipped. Finally, we observe that the third term P2 purely arises because of the
(complex) NSI coupling and it is different from zero only in matter (i.e. if v , 0). It represents the
interference between the matter potential εeµVCC (or εeτVCC) with the atmospheric wavenumber
∆m2

31/2E .
Numerical Results. Figure 1 reports the results of the combined analyses of T2K and NOνA

for both the NO and inverted ordering (IO) in the plane of
[
|εeµ |, δCP

]
and [|εeτ |, δCP] respectively.

It is worth to note that NSI parameter εeµ or εeτ has been taken one at a time. The contours in each
panel are shown at 68% and 90% confidence level for 2 d.o.f., where the bestfit point is denoted by
a red star. The non-standard CP-phases, the mixing angles θ13 and θ23, and the squared-mass ∆m2

31
have been marginalized away. From the left most panel, one can see that in case of NO, the non
zero value of the NSI coupling |εeµ | is preferred over the standard 3-flavor framework with best fit
|εeµ | = 0.15. The statistical significance lies at ∼ 2.1σ (∆χ2 = 4.50). However in case of IO, the
preference of non zero |εeµ | is negligible. Now in case of |εeτ | and NO (third panel), there is a 1.9σ
(∆χ2 = 3.75) preference of non zero |εeτ | with best fit |εeτ | = 0.27, while in case of IO (fourth
panel) the preference is only at the 1.0σ with best fit |εeτ | = 0.15. It is interesting to note that in
all the panels of Fig. 1, the preferred best fit values of δCP is close to 3π/2, indicating maximal
CP-violation in the standard 3ν sector. For more details about the analyses, see [7].

Figure 2 represents the contours from the combined analysis of T2K and NOνA similar to
Fig. 1 for both the NO and IO in the plane of

[
εeµ, φeµ

]
and [εeτ, φeτ] respectively. The standard

CP-phase δCP, the mixing angles θ23 and θ13, and the squared-mass ∆m2
31 are marginalized away.

Interestingly in case of NO, the preferred value for both the new CP-phases φeµ and φeτ is close
to 3π/2, so indicating maximal CP-violation also in the NSI sector. The black dashed line in each
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Figure 2: Allowed regions determined from the combined analysis of T2K and NOνA in the plane(
φeµ/π, |εeµ |

)
and (φeτ/π, |εeτ |) for both the NO and IO. The contours have been drawn at the 68%

and 90% confidence level for 2 d.o.f.. The dashed curves correspond to the upper bounds (90% C.L., 2 d.o.f.)
derived from the IceCube data [9]. This figure has been taken from [7].

Figure 3: Allowed regions derived separately by T2K and NOνA for NO in the plane
(
δCP/π, sin2 θ23

)
. Left

panel represents the SM case and middle (right) panel corresponds to the NSI in the e − µ (e − τ) sector. In
the middle panel we have considered the NSI parameters at their best fit values obtained from T2K + NOνA
(|εeµ | = 0.15, φeµ = 1.38π). Similarly, in the right panel we have taken |εeτ | = 0.275, φeτ = 1.62π. The
contours are drawn at the 68% and 90% C.L. for 2 d.o.f.. This figure has been taken from [7].

panel corresponds to the upper bounds given by the analysis of the IceCube data [9]. It can be seen
that the bounds we have obtained from the combined analysis, are compatible with that of IceCube.

Let us now try to understand how the preference of the non-zero values of the NSI couplings in
the e− µ and e− τ sectors help to resolve the tension between the NOνA and T2K measurement on
δCP. In Fig. 3 we display the 68% and 90% C.L. allowed regions for 2 d.o.f. in the plane spanned
by the standard CP-phase δCP and the atmospheric mixing angle θ23 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 − τ sectors respectively. The red (green) contours correspond to T2K (NOνA)
respectively. From the left panel it is clearly evident that the discrepancy between the NOνA and
T2K lies at more than 90% confidence level. NOνA (T2K) prefers values close to δCP ∼ 0.8π
(∼ 1.4π). In the middle and right panel the contours have been drawn considering the best fit values
of the NSI parameters obtained from the combined analysis of both the experiments as shown in
Fig. 1 and Fig. 2 respectively. We can see that in presence of NSI both in the middle and right
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panel, the tension between the two experiments is resolved. The best fit values of δCP are almost
same for both the panel and they are close to ∼ 3π/2. Interestingly, this is also the value very close
to the one preferred by T2K. It can be understood from the fact that due to short baseline (295 km)
T2K has low sensitivity to the matter effects and thereby to the NSI, whereas NOνA has a longer
baseline (810 km) and hence more sensitive to matter effects as well as to NSI. As a result, the
standard CP-phase δCP measured by T2K can be considered more faithful. It is worth to mention
that in the SM case, the IO is slightly preferred over NO (χ2

NO − χ
2
IO = 1.87). Now in presence of

NSI, there is moderate preference of NO over IO in e − µ sector (χ2
NO − χ

2
IO = −2.56), whereas in

e − τ sector, there is no such preference (χ2
NO − χ

2
IO = −0.21). For more details see [7].

Conclusions. In this work, we explored the impact of NSI on resolving the discrepancy between
the two long-baseline experiments T2K and NOνA in the measurement of standard CP-phase δCP.
We found that this discrepancy can be resolved if one considers the flavor changing neutral current
non-standard interactions of neutrinos of type involving e − µ and e − τ sectors. We hope that the
future LBL accelerator data as well as the atmospheric data would shed more light in confirming
the existence of NSI hypothesis.

Acknowledgments. S.S.C. would like to thank the organizers of “The 22nd International
Workshop on Neutrinos from Accelerators (NuFact2021)” for giving an opportunity to present this
work.
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