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Abstract. Neutrino oscillations have been ﬁrmly established in the past few decades due to a vast variety of
experiments and ﬁve of the oscillation parameters (three angles and two mass-squared differences) have been
measured to varying degrees of precision. Here the focus is on an important parameter entering the oscillation
framework – the leptonic CP-violating phase δ, about which we know very little. We study the consequences
of additional CP-conserving and CP-violating parameters in the presence of non-standard neutrino interactions
(NSI) on CP-violation studies at the upcoming long baseline experiment, Deep Underground Neutrino Experiment
(DUNE) and compare the capabilities of DUNE with other experiments.
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1. Introduction
The discovery of neutrino oscillations implies that neutrinos have masses and mix among three active ﬂavours.
If neutrinos have masses, then the leptonic charged
current interactions exhibit mixing and CP (CP stands
for charge conjugation and parity discrete symmetry
operation) violation in much the same way as in the
quark sector [1,2]. Within the Standard Model (SM),
CP violation arises naturally via the Dirac phase, δ, in
the three-ﬂavour case as concocted by Kobayashi and
Maskawa [3]. It was suggested [4,5] that a measurement of δ was possible through neutrino oscillations.
The value of δ could very well be zero, maximal
(δ ∼ ±π/2) or non-maximal (δ  = ±π/2) [6]. The
extraction of the value of CP phase is plagued with
the matter-induced fake CP-violating effects which
makes its measurement very challenging even in the
case of SM [7,8]. Additionally, we need to know the
neutrino mass hierarchy, i.e., whether δm 232 > 0 or
δm 232 < 0 and also the octant of θ23 in order to
have a clear understanding of the mixing phenomena.
Deep Underground Neutrino Experiment (DUNE) is
one of the most promising upcoming long baseline

experiments that is planned to offer maximal sensitivity to uncover the value of δ [9–13]. The baseline of
1300 km is expected to deliver optimal sensitivity to CP
violation and is well-suited to address the question of
neutrino mass hierarchy [14].
In a couple of recent works [15,16] (see also [17]),
we studied the impact of ﬂavour-diagonal and ﬂavourchanging neutral current (NC) non-standard interactions (NSI) during the propagation of CP measurements
at long baselines using DUNE as an example. We
discussed the role of individual and collective NSI
parameters on the CP measurements. For more details,
we refer the reader to [16].
While sensitivity studies have been carried out in the
presence of NSI in the context of DUNE, we would
like to stress that none of them deal with the precise impact of NSI on the sensitivity to CP violation
at long baseline experiments. We consider NSI terms
whose strengths lie in the presently allowed limits (along
with the phases associated with these terms which are
presently unconstrained) and study the impact of individual and collective NSI terms on the CP violation
sensitivity using different channels. We assess, in a
comprehensive manner, the sensitivity to CP violation
offered by the present and the future generation long
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baseline experiments: T2K [18], NOvA [19], DUNE
and T2HK [20] when the NSI effects are turned on.
The present article is organized as follows: Section 2 gives the theoretical framework for the present
work. Section 3 gives a brief introduction to the CP
dependence of the relevant probabilities Pμe and Pμμ .
We then go on to describe our results in §4 where we
show how CP sensitivity at DUNE gets affected due
to individual and collective NSI terms and compare the
result with other long baseline experiments such as T2K,
NOvA and T2HK. The ability of long baseline experiments to measure the CP phases is discussed in §5. In §6
we show how the systematics affect the CP fraction and
subsequently how the choice of optimal baseline length
for DUNE may get drastically altered in the presence of
NSI. Finally, we conclude with a discussion in §7.
2. Non-standard interaction (NSI): Framework
The effective Lagrangian describing the NC-type neutrino NSI of the type (V − A)(V ± A) is given by
√
fC
LNSI = −2 2G F εαβ [ν̄α γ μ PL νβ ] [ f¯γμ PC f ],
(1)
where G F is the Fermi constant, να , νβ are neutrinos of
different ﬂavours and f is a ﬁrst generation SM fermion
(e, u, d). The chiral projection operators are given by
PL = (1 − γ5 )/2 and PC = (1 ± γ5 )/2. In general, NSI
terms can be complex. It should be noted that charged
current (CC) NSI would only affect neutrino production
and detection as opposed to NC NSI and hence as far
as propagation of neutrinos is concerned, only the NC
NSI is relevant. In the effective Schrödinger equation
for neutrino propagation, the effective Hamiltonian in
ﬂavour basis is given by
Hf = Hv + HSI + HNSI
⎧ ⎛
⎞
⎛
0
1 0
⎨
= λ U ⎝ rλ ⎠ U † + r A ⎝ 0 0
⎩
1
0 0
⎛
⎞⎫
εeμ εeτ ⎬
εee
εμμ εμτ ⎠ ,
+ r A ⎝ εeμ
εeτ
εμτ
ετ τ ⎭

⎞
0
0⎠
0
(2)

where we have used the following ratios:
λ≡

δm 231
;
2E

rλ ≡

δm 221
δm 231

;

rA ≡

A(x)
δm 231

(3)

and the standard CC potential due to the coherent forward scattering of neutrinos is given by
√
A(x) = 2 2E G F n e (x),
where n e is the electron number density. U is the threeﬂavour neutrino mixing matrix and is responsible for

diagonalizing the vacuum part of the Hamiltonian. It
is parametrized by three angles θ12 , θ23 , θ13 and one
phase δ:
U ({θi j }, δ) ≡ U23 (θ23 ) · W13 (θ13 , δ) · U12 (θ12 )

(4)

with W13 = Uδ U13 Uδ† and Uδ = diag{1, 1, exp(iδ)}].
(In the general case of n ﬂavours, the leptonic mixing
matrix Uαi depends on (n − 1)(n − 2)/2 Dirac-type CPviolating phases. If the neutrinos are Majorana particles,
there are (n−1) additional, so-called Majorana-type CPviolating phases.) In the commonly used Pontecorvo–
Maki–Nakagawa–Sakata (PMNS) parametrization [21],
U is given by
⎞⎛
c13
1
0
0
U = ⎝ 0 c23 s23 ⎠ ⎝ 0
0 −s23 c23
−s13 eiδ
⎞
⎛
c12 s12 0
× ⎝ −s12 c12 0 ⎠ ,
0
0 1
⎛

0
1
0

⎞
s13 e−iδ
0 ⎠
c13
(5)

where si j = sin θi j , ci j = cos θi j . If neutrinos are Majorana particles, there can be two additional Majoranatype phases in the three-ﬂavour case but they are of no
consequence in neutrino oscillations. For the SI case,
we note that there is only one parameter, the Dirac
CP phase δ that is responsible for genuine CP violation while SI with Earth matter introduces additional
fake CP effects because matter is CP asymmetric. This
makes it challenging to isolate the value of genuine CPviolating phase δ in the SI case from the fake effects
and there are several suggestions to tackle the problem
[7,8]. The geometric visualization of CP conservation
and CP violation for the two-ﬂavour neutrino case was
demonstrated in [22,23].
For NSI, εαβ (≡ |εαβ | eiφαβ ) are complex NSI parameters which appear in HNSI . The diagonal NSI parameters
are real due to the hermiticity of the Hamiltonian. In
total, there are four phases appearing in the Hf – one is
δ and the other three are ϕeμ , ϕeτ , ϕμτ . The total number of phases is four because once we have redeﬁned the
phases of the lepton and neutrino wave functions to get U
in the form of eq. (5), the basis of neutrino ﬂavour states
is deﬁned fully. The matrix that diagonalizes the NSI
part of the Hamiltonian then would require three angles
and six phases out of which three are Majorana-type
which appear as diagonal matrix. So, we are left with
three additional phases that are relevant for us. It may be
further possible to reduce the number of phases in the
limiting cases such as when δm 221 → 0 or θ12 → 0 as a
consequence of the phase reduction theorem of Kikuchi
et al [24].
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Table 1. SI and NSI parameters used in our study.
Parameter

True value

Marginalization range

SI
θ12 (deg)
θ13 (deg)
θ23 (deg)
δm 221 (eV2 )

33.5
8.5
45
7.5 × 10−5

–
–
–
–

δm 231 (NH) (eV2 )

+2.45 × 10−3

–

δm 231

−2.46 × 10−3
[−π :π ]

–
0, π

0.1, 0.4, 0.7
0.05
0.04, 0.08, 0.12
0.01, 0.04, 0.07
0.01, 0.04, 0.07
0.01, 0.04
[−π :π ]
[−π :π ]
[−π :π ]

[0:1.00]
[0:0.06]
[0:0.15]
[0:0.10]
[0:0.10]
[0:0.04]
0, π
0, π
0, π

δ
NSI
εee
εμμ
ετ τ
|εeμ |
|εeτ |
|εμτ |
ϕeμ
ϕeτ
ϕμτ

(IH)

(eV2 )

For the latest global ﬁt to neutrino data, see [25].

For long-baseline neutrino experiments, sin2 (λL/2)
 O(1) which gives (for DUNE),
δm 231
λL
2.5 GeV
L
 1.57
2
2
E
1300 km
2.5 × 10−3 eV

(6)

for the ﬁrst oscillation maximum (minimum) in the
appearance (disappearance) channel. We note that
E = 1.5 GeV, L = 810 km for NOvA and E =
0.6 GeV, L = 295 km for T2K (and also T2HK) also
lead to λL ∼ π . Also, r A L ∼ O(1) for the range of E
and L values considered here.
It is interesting to note that matter (or propagation)
NSI obeys unitarity (while the source and the detector
NSI do not) so effectively that we still have an overall
unitary matrix that diagonalizes the effective Hamiltonian in the presence of matter NSI and obeys

Ûαi Ûβi = δαβ ,
(7)

⎛

4.2
⎝
|εαβ | < 0.3
0.5

0.3
0.068
0.04

⎞
0.5
0.04 ⎠.
0.15

(9)

The NSI phases are unconstrained and can lie in the
allowed range, ϕαβ ∈ (−π, π ) (see table 1).
All the plots presented in this paper are obtained
by using General Long Baseline Experiment Simulator
(GLoBES) and related software [28–31] which numerically solves the full three-ﬂavour neutrino propagation
equations using the PREM [32] density proﬁle of the
Earth (We use the matter density as given by PREM
model. In principle, we can allow for uncertainty in the
Earth matter density in our calculations but it would not
impact our results drastically [33,34].) and the latest values of the neutrino parameters as obtained from global
ﬁts [35–37]. Unless stated otherwise, we assume NH as
the true hierarchy in all the plots.

i

where Û is the unitary matrix that diagonalizes the
Hamiltonian in eq. (2).
Hd = Û Hf Û ,
†

(8)

where the elements Hd ii are the eigenvalues of Hf .
As far as the constraints on NC NSI parameters are
concerned, we refer the reader to refs [26,27] for more
details. After taking the constraints from neutrino experiments into account, the NSI parameters are constrained
as follows:

3. CP phase dependence in Pμe and Pμμ
We consider the appearance (νμ → νe ) and disappearance (νμ → νμ ) channels that are relevant in the context
of accelerator-based neutrino oscillation experiments
considered in the present work. Rather than delving
into the detailed expressions, we note [8,38,39] that the
oscillation probabilities for different channels can be
expressed in terms of the CP-even and CP-odd terms
both in the case of vacuum and matter with SI (no extra
phase, with suitable redeﬁnition of coefﬁcients) as
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Figure 1. Effect of individual NSI terms in Pμe and Pμμ as a function of δ for E = 2.5 GeV and L = 1300 km. The solid
black curve represents SI case while the dashed (dotted) curves represent the case of off-diagonal (diagonal) NSI parameters.
The NSI phases φeμ and φeτ are set to zero.

1. νμ → νe and ν̄μ → ν̄e :
Pμe = aμe + bμe sin δ + cμe cos δ
Pμ̄ē = āμe − b̄μe sin δ + c̄μe cos δ

(10)

δ → −δ for antineutrinos and the coefﬁcients can
be found in ref. [39]. Thus, Pμe contains linear
polynomials of sin δ and cos δ.
2. νμ → νμ and ν̄μ → ν̄μ :
Pμμ  aμμ + cμμ cos δ
Pμ̄μ̄  āμμ + c̄μμ cos δ,

(11)

where the sin δ term is absent in this case. In
addition to the linear polynomials of cos δ in this
case, there are quadratic terms such as cos 2δ (and
sin 2δ) in Pμμ for the case of constant or symmetric
(asymmetric) matter density proﬁle, but the coefﬁcient of such terms are small in comparison to aμμ
and cμμ which is why we do not explicitly mention them here. For antineutrinos, δ → −δ and the
coefﬁcients in vacuum and normal matter can be
found in ref. [39].
It is interesting to note that in the presence of matter
with SI, the forms of eqs (10) and (11) remain intact
with the coefﬁcients suitably redeﬁned to account for
their dependence on density of Earth matter. The CPodd and even terms in eqs (10) and (11) serve as useful
guides to measure effects due to CP violation.
Let us now discuss the case of NSI which is different from SI in the sense that it not only introduces SI

χ 2 (δtr , |ε|tr , ϕtr ) 

min

δts ,|ε|ts ,ϕts

genuine and fake CP-violating effects are inter-related.
For SI, eq. (10) leads to Pμe (0) = aμe + cμe and
Pμe (±π ) = aμe − cμe . From the plot, we see that
Pμe (0) ∼ Pμe (±π ) and this implies that cμe  0. Note
also that the maxima/minima will be at δ = ±π/2 from
eq. (10). If we keep the relevant NSI phases to zero, the
dashed (dotted) curves corresponding to NSI can go on
either side of the solid curve for SI. For SI, eq. (11) leads
to Pμμ (0) = aμμ + cμμ and Pμμ (±π ) = aμμ − cμμ .
Note also that the maxima/minima will be at δ = 0 or π
from eq. (11). For the diagonal parameter εee , for both
Pμe and Pμμ , the effect is like a uniform enhancement
(reduction) of the probability values from the SI case
depending upon the sign of εee . In ﬁgure 1, we show how
the individual NSI parameters affect the appearance and
the disappearance probabilities as functions of energy.
In ﬁgure 2, the collective impact of NSI terms is shown
for three different experiments at different ﬁxed energies
relevant to those experiments. The largest effect of NSI
terms can be seen for Pμe and for DUNE and it diminishes as we go to T2K. For Pμμ , the effect is similar for
all the three experiments and so the baseline does not
seem to play much role here.

4. CP-violation sensitivity in the presence of NSI
Though the results have been generated numerically, for
the purpose of understanding the gross features in the
plots, we give below the statistical deﬁnition (without
systematics) of χ 2 for CP violation sensitivity,

2

i, j
i, j

2
x 
Ntrue (δtr , |ε|tr , ϕtr )− Ntest (δts = 0, π ; |ε|ts ∈ range; ϕts = 0, π ) 
i, j

i=1

j

matter-like fake CP-violating effects arising from the
moduli of the NSI terms but also additional genuine
CP phases over and above SI phase (δ). Of course, the

Ntrue (δtr , |ε|tr , ϕtr )
i, j

i, j

, (12)

where Ntrue and Ntest are the number of true and
 test
events in the {i, j}th bin respectively (Nσ = χ 2 .
χ 2 = χ 2 as we have not included any ﬂuctuations
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Figure 2. Combined effect of three NSI terms (εeμ , εeτ , εee ) in the electron appearance and muon disappearance probability
as a function of δ (for ﬁxed E and L for DUNE, NOvA and T2K). The solid black curve represents SI while the dashed black
curve represents NSI for the particular choice of absolute value of NSI parameters as mentioned in the legend. The grey band
shows the spread when in addition the NSI phases are varied in the allowed range, i.e., φeμ , φeτ ∈ [−π, π ].

Figure 3. CP sensitivity for collective NSI terms at DUNE for 35 kt FD and with 5 years of ν and 5 years of ν̄ runtime. The
solid black curve represents SI while the dashed black curve represents NSI for the particular choice of absolute value of NSI
parameters as mentioned in the legend. The grey band shows the spread when in addition the true values of the NSI phases
are varied in the allowed range, i.e., φeμ (true), φeτ (true) ∈ [−π, π ].

in simulated data. This is the Pearson’s deﬁnition of
χ 2 [40]. For large sample size, the other deﬁnition
using log-likelihood also yields similar results). The
subscripts ‘tr’ and ‘ts’ also refer to ‘true’ and ‘test’
respectively. We summarize the impact of NSI on the
CP-violation sensitivity at long baselines as shown in
ﬁgure 3 for DUNE. If we compare the solid and dashed
black curves, we note that for small values of parameters (0.01, 0.01, 0.1) NSI brings down χ 2 from ∼5σ
to ∼3σ at δ ∼ ±π/2 for zero NSI phases. The impact
of true non-zero NSI phases can be seen in the form of
grey bands for the choice of moduli of the NSI terms.
For larger values of parameters (0.07, 0.07, 0.7) NSI

can drastically alter χ 2 not only at δ  ±π/2 (SI,
maximum) but at almost all values of δ including at
δ = 0, ±π if we allow for phase variation. For some
particular choice of the NSI moduli and phases, we note
that in this case, χ 2 decreases from ∼5σ to ∼2.5σ or
increases to >
∼5.5σ not only at δ  ±π/2 but for most
values of δ. This can lead to a misleading inference that
CP is violated even when we have CP conservation in
the SI case (δ = 0, ±π ). Here, the phases have a bigger
impact which can be seen as widening of the grey bands
as we go from smaller to larger moduli of NSI terms.
We note that two competing effects are responsible
for altering the value of χ 2 :
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Figure 4. CP-violation sensitivity at T2K, NOvA and T2K+NOvA+DUNE for collective NSI case and SI as a function of
true δ.

(a) Decrease in χ 2 due to additional test values –
If marginalization is carried out over more number
of test parameters, it naturally results in a decreased
value of χ 2 . This is purely a statistical effect.
(b) Increase in χ 2 due to larger strength of true values
– In addition to more parameters in the test dataset
(as mentioned in effect (a) above), one has to deal
with a larger set of parameters in the true dataset as
well. The variation over the values of the true NSI
phases (ϕeμ or ϕeτ ) tends to broaden the grey band
provided the true value of the moduli (|εeμ | or |εeτ |)
of the relevant NSI term is large.
In ﬁgure 4, we show the CP sensitivity for T2K (top
row), NOvA (middle row) as well as a combination of
T2K , NOvA and DUNE (bottom row). As in ﬁgure 3,
the characteristic double peak is seen for all the three
cases in ﬁgure 4. If we now look at T2K and NOvA
individually, we note that the CP-violation sensitivity
almost never reaches 3σ (it barely touches ∼1.6σ (for
T2K) and ∼1.8σ (for NOvA)). This means that these
two current experiments considered in isolation are not
so much interesting as far as CP-violation sensitivity is
concerned. This does not come as a surprise as these

are not optimized for CP sensitivity. However, if we
combine data from these two experiments with DUNE,
we note that CP-violation sensitivity improves slightly
(from ∼5.1σ to ∼5.6σ ) in the SI case near the peak. For
NSI (zero NSI phases, dashed black curve) it improves
marginally from ∼3σ to >
∼3σ . In general, we note that
if phases are taken into account, the grey bands expand
and even out as we go from small to large NSI, the peaks
at δ ∼ ±π/2 smoothen out which means that there is no
clear demarkation of CP-conserving (δ = 0, ±π ) and
CP-violating values of δ.
In ﬁgure 5, we show CP-violation sensitivity for
T2HK. We note that T2HK offers CP sensitivity that
is competitive with DUNE individually as well as T2K,
NOvA and DUNE combined (both SI and NSI). This
can be ascribed to the high statistics offered by the HK.
Near the peak, we note that it can go up to ∼8σ for
SI and >
∼5σ for NSI (zero phases). Another intriguing feature from T2HK panel is that the NSI phases
do not have as dramatic effect as seen for DUNE
when the NSI terms are large – this can be seen as
shrinking of the grey regions in ﬁgure 5 (top panel,
right-most plot). This is due to the fact that the baseline of 295 km is way too short for matter effects (both
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Figure 5. CP-violation sensitivity at T2HK and T2HK+DUNE for collective NSI case and SI as a function of true δ.

SI and NSI) to develop and play a signiﬁcant role (similar feature can also be seen from the T2K panel in
ﬁgure 4). This demonstrates the complementarity of
bigger detectors (T2HK) vis-a-vis the long baselines
involved (DUNE) where no clear demarcation of CPconserving (δ = 0, ±π ) and CP-violating values of δ
was noticed.
5. Reconstruction of CP phases
Independent of the question of the CP-violation sensitivity that we have addressed in the present article, one
can ask if it is possible to measure the CP phases at
long baseline experiments. For the sake of simplicity,
we assume that only one NSI parameter contributes at
a time (let us assume that this is given by ϕeμ ). (For
the other NSI parameter ϕeτ , the results are similar.)
Let us now take some representative values of the true
CP phases and discuss how well we are able to reconstruct those values among the allowed test ranges. In
ﬁgure 6, for two possible choices of the pair of phases
true } = {π/2, π/2} (maximal CP violation) and
{δ true , ϕeμ
true } = {0, 0} (CP conservation), we show the
{δ true , ϕeμ
ability of DUNE to reconstruct those phases assuming
NH. For a comparison, we also show the results for the
combined case of DUNE +T2HK where we see that the
regions enclosed by the contours become narrower.
The region outside the 3σ contour represents those
values of the pair of test CP phases which can be safely
discarded above 3σ while reconstructing their values
for the speciﬁc choice of the true pair of CP phases.
Smaller enclosed regions by the contours (see ﬁgure 6,
right panel) imply better measurement ability.

test –δ test plane. The black dot repreFigure 6. Regions in ϕeμ
true , δ true } which are taken to be
sents the pair of true values {ϕeμ
{π/2, π/2} (CP-violating) in top row or {0, 0} (CP-conserving) in the bottom row. The value of NSI parameter is taken
to be |εeμ | = 0.04. The plots on the left are for DUNE and
those on the right are for DUNE+T2HK.

6. Role of systematics
In ﬁgure 7, we plot the fraction ( f (σ > 3)) of the true
δ-space for which the CP sensitivity is above 3σ , as a
function of the baseline for two different sets of systematics, the other detector conﬁgurations being similar to
that of DUNE. The nominal set of systematics is mentioned in table 2. The black solid curve represents our
nominal choice of systematics given in table 2 while the
blue solid curve is for an optimal choice [10] mentioned
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Figure 7. The CP fraction for which the sensitivity to CP violation is greater than 3σ as a function of baseline for SI and NSI
cases. The black and blue solid curves correspond to the different systematics assumed for SI. The three plots correspond to
three NSI parameters taken one at a time. The green (magenta) band corresponds to the choice of nominal (optimal) systematics
with full phase variation for the off-diagonal NSI parameters while the green (magenta) dashed line corresponds to εee for
nominal (optimal) systematics.
Table 2. Nominal set of systematic uncertainties used for
DUNE.
Normalization error

Energy calibration error

Signal

Background

Signal

Background

νe : 5%
νμ : 5%

νe : 10%
νμ : 10%

νe : 2%
νμ : 5%

νe : 10%
νμ : 10%

in the legend. The green (magenta) band corresponds to
NSI case for off-diagonal parameters εeμ , εeτ with full
phase variation for nominal (optimal) choice of systematics. The green (magenta) dashed curve is for εee for
nominal (optimal) choice of systematics.
It can be seen that f (σ > 3) nearly reaches its maximum (∼0.55) possible value at around 1300 km for SI
(see ﬁgure 7). This implies that for the given conﬁguration of the far detector planned for DUNE (see table 2),
the optimal distance to be able to infer the highest fraction of the values of the CP phase is ∼1300 km. Clearly,
even in the case of SI, better systematics is expected to
lead to a larger f (σ > 3) for a given baseline, say at
1300 km, it changes from ∼0.55 to ∼0.71. For the SI
case, better systematics ensures better detectability of

CP violation quantiﬁed in terms of fraction f (σ > 3)
and at the same time, does not alter the optimal baseline
choice for CP-violation sensitivity. In the case of NSI,
the green (magenta) band shows the effect of two choices
of systematics and there is an overlap between them as
well as with the SI values. These aspects play crucial
roles in altering the choice of best baseline for CPviolation sensitivity. However, in the presence of NSI,
for the choice of NSI phases representing the top (bottom) edge of the green or magenta band (we have used
the dashed green or magenta lines to depict the diagonal NSI terms), the optimal choice of baseline (L opt )
that maximizes the CP fraction changes as a function of
systematics (see table 3).
7. Conclusions
We discussed in detail how the presence of NC NSI
severely affects the CP sensitivities of the upcoming
experiment DUNE and compared this with the presently
running long baseline experiments T2K, NOvA and a
future experiment T2HK. Our conclusions can be summarized as follows:

Table 3. Maximum f (σ > 3) and optimal baseline range (L opt ) for the two different choices
of systematics (see ﬁgure 7) for NH.
Nominal systematics (green)

NSI term
|εeμ | = 0.04
|εeτ | = 0.04
εee = 0.04

Optimal systematics (magenta)

NSI
f (σ > 3) L opt
(km)

SI
f (σ > 3) L opt
(km)

NSI
f (σ > 3) L opt
(km)

SI
f (σ > 3) L opt
(km)

0.85 (1800–2500)
0.49 (800–1300)
0.65 (2000–3000)
0.37 (1800–2000)
0.43 (1900–2100)

0.52 (1300)

0.97 (1500–3000)
0.59 (800–1300)
0.77 (1300–1500)
0.40 (1800–2000)
0.52 (1900–2100)

0.71 (1300)

0.52 (1300)
0.52 (1300)

0.71 (1300)
0.71 (1300)

The values with larger (smaller) f (σ > 3) correspond to upper (lower) edge of the respective
bands.
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• NC NSI spoils the CP sensitivity signiﬁcantly at
long baseline neutrino experiments in general and
speciﬁcally in the context of DUNE (due to its
longer baseline). This spoiling can be in either direction depending upon the strength of the NSI terms
involved. This potentially leads to the genuine possibility of severe misinterpretation of the experimental
data, particularly in extracting the value of the Dirac
CP phase δ. In particular, it is very much possible to interpret an actual maximal CP violation as
CP conservation, if the NSI effects are not properly
accounted for during the data analyses. The impact
of NSI on T2K, NOvA and T2HK are much less
owing to their shorter baseline length.
• In spite of the short baseline of the future T2HK
experiment, the high statistics leads to sensitivity
that is comparable to that obtained with longer baseline experiment, DUNE. Additionally, since T2HK
is much less affected by NC NSI compared to
DUNE, a combination of DUNE and T2HK is
expected to be able to resolve CP measurements
effectively.
• The ability of long baseline experiments to measure
the value of standard or non-standard CP phases is
shown in ﬁgure 6 and here again the combination of
T2K and DUNE signiﬁcantly improves the capability of the experiment.
• The impact of change in systematics as a function
of baseline is shown in ﬁgure 7. It is shown that the
choice of optimal baseline itself changes when we
include effects due to NSI.
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