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The current data of the two long-baseline experiments T2K and NOvA indicate a 2.40 preference
of normal neutrino mass ordering over the inverted mass ordering in case of standard 3v analysis.
However such a claim does not remain unaltered in presence of neutrino non-standard interactions
(NS]) involving e — 7 sector. We find that the sensitivity towards the neutrino mass ordering gets
completely lost. So a rubust claim of the neutrino mass ordering requires a careful consideration
of the impact of NSI.
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1. Introduction

Determination of the neutrino mass ordering (NMO) is one of the biggest priorities in the intensity
frontier of high energy particle physics. To accomplish that goal a lot of efforts are being put
together with the atmospheric, solar, reactor, and accelerator neutrinos. In the standard 3-flavor
framework, NMO is defined to be normal if m; < my < m3, and inverted if m3 < m; < my, where
my, my, and m3 are the masses of the three neutrino mass eigenstates vy, v, and v3 respectively.
Interestingly, two long-baseline experiments T2K and NOvA are playing a leading role in this
direction and provide a ~ 2.40 indication in favor of normal ordering (NO) which we find in this
work. In addition, we examine how the situation looks like in presence of non-standard interactions
(NSI) of neutrinos with a special focus on the non-diagonal flavor changing type €., and &,,. We
find that the present indication of NO in the standard 3-flavor framework gets completely vanished
in the presence of NSI of the flavor changing type involving the e — 7 flavors.

2. Theoretical framework

NSI may represent the low-energy manifestation of high-energy physics involving new heavy states
(for areview see [1, 2]) or, alternatively, they can be mediated via the light mediators [3, 4]. As first
recognized in [5], NSI of type neutral current (NC) can modify the dynamics [5, 6] of the neutrino
flavor conversion in matter. It can be described by a dimension-six operator [5]

Lncnsi = ~2V2Greh g (vay* Puvg) (FruPef) » (1)

where «, 8 = e, u, T refer to the neutrino flavor, f = e, u, d indicates the matter fermions, superscript
C = L, R denotes the chirality of the f f current, and gg g are the strengths of the NSI. The hermiticity

of the interaction requires, ggg = (g(’; g)*. For neutrino propagation in Earth matter, the relevant
combinations are

N N
o L R\ Vf
Eap = 8(1,6’ N, Z i (gfflﬁ 855) N, > @)

f=eu.d f=e.u,

where Ny is the number density of fermion f. For the Earth, we can assume neutral and isoscalar
matter, implying N,, ~ N,, = N, in which case N, ¥ Ny =~ 3N,. Therefore, g,5 =~ sgﬁ +3 SZB +
3 85 5 In presence of NSI, the effective Hamiltonian for neutrino propagation gets modified in
matter, which in turn changes the probability of flavor conversion. For more details please see [7].

In this work, we only focus on the non-diagonal NSIs ¢, and &, along with their associated
CP-phases ¢.,, and ¢, respectively. We recall that the current upper bounds (at 90% C.L.) on
the two NSI under consideration are: |g.,| < 0.12 and |&..| < 0.36 as reported in the review [1],
which refers to the global analysis [8]. These limits are basically corroborated by the more recent
analysis [9] (for more details please refer to [7]). It is worth to mention that we do not focus
on |€,-| as it has very strong upper bound |e,| < 8.0 x 1073 [10]. Let us now consider the
appearance probability relevant for the two LBL experiments T2K and NOvA under consideration.
In the presence of NSI, the appearance probability can be approximately written as a sum of three
terms [11], Pye = Py + Py + P;. The first two terms correspond to the standard 3-flavor probability
while the third one arises due to NSI. Now considering the mixing angle 63, the parameter
v(= 2VecE/ Am%l) and the coupling |&| are of the same order of magnitude O(¢) and small (~ 0.2)
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I, while @ = Am%l / Am%1 = +0.03 is O(€?), we can expand the above three terms as [12],

Py = 4sf3s§3f2, (3)
Py = 8si3512¢128523¢3@ fg COS(A + 9), 4
Py = 8sizspviel[af?cos( + ¢) + bfgcos(A+ 6 + ¢)], (5)

where A = Am%lL JAE is the atmospheric oscillating frequency, Vee = V2GpN, is the charged-
current matter potential, L being the baseline and E the neutrino energy. For compactness, we have
used the notation (s;; = sin6;;, ¢;; = cos §;;), and following [13], we have introduced

sin[(1 — v)A] sin vA
f= 1— 8= > (6)
-y y
a= s§3, b= 033, if €= |ae,1|e‘¢‘”“ , @)
a= sucw, b=-spcx, if &= |e. e 3

In the expressions given in Eqs. (3)-(5) for Py, P; and P, the sign of A, @ and v is positive (negative)
for NO (IO). For antineutrinos, the signs in front of the CP-phases and the matter parameter v are
flipped in Egs. (3)-(5).
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Figure 1: Bievents plot for the T2K (left panel) and NOvA (right panel). ¢ is the running parameter on each
ellipse in the range [0, 27r]. The red (blue) star represents the best fit points for SM, NO (IO) determined by
fitting the combination of the two experiments, and similarly the squares correspond to SM+NSI case. This
figure has been taken from [7].

3. Discussion at the level of the bievents plots

Before we start the discussion, it is important to mention that for all the analyses presented here we
have used the current data of T2K and NOvA extracted from [14] and [15]. In all our numerical
simulations we have fixed the solar parameters 61, and Am%1 at the best fit point of the global
analysis [16], while the reactor angle 63 has been marginalized away with a strong 3.7% 1o prior
on sin” 813 = 0.0216. For more details about the data sets and analysis procedures please see [7].

"Here we assume that the numerical analysis presented here points toward best fit values in the range |&| ~ 0.1 — 0.4.
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Figure 2: Allowed regions of the parameters [@.r, |€.|] determined by the combination of T2K and NOvA
for NO (left panel) and IO (right panel). The contours are drawn at the 1o~ and 20 level for 1 d.o.f.. This
figure has been taken from [7].

Fig. 1 represents the bievent plots for the two experiments T2K and NOvA in the context of the
current data, where x (y) axis corresponds to neutrino (antineutrino) appearance events. These
plots are particularly very useful as they give a rough estimate of the situation of each experiment
and clearly express the differences between the different experiments. Left (right) panel shows the
bievent ellipses for T2K (NOvA). The continuous curves correspond to the SM framework and
dashed curves correspond to the presence of SM+NSI, particularly g... SM (SM + NSI) ellipses
have been generated with the fixed (those not marginalized) and the common best fit values of the
oscillation parameters obtained from the combined analysis of the two experiments in SM (SM +
NSI) framework where the standard CP-phase § is the running parameter in the range [0, 27r]. The
best fit values obtained from this analysis can be easily read from Fig. 3. The best fit value for Amg1
(which is not shown in Fig. 3) obtained here in case SMis 2.5x 1073 (2.46 x 1073) V2 for NO (10).
Similarly in case of SM + NSI (&) it is 2.49 x 1073 (2.46 x 1072) eV for NO (IO). The black dot
points indicate the experimentally observed data for each experiment. Let us first comment about
the SM results. One can see that in case of T2K, the NO best fit (red star) is closer to the data
point with respect to the IO best fit (blue star), whereas in NOvA there is basically no particular
preference of any of the two mass orderings. As a result, an overall global preference of NO is
obtained at 2.40 as can be seen in Fig. 3. Now in the presence of NSI, the NO and IO best fit points
(red and blue squares) for each experiment basically lie at the same distance from the experimental
data points in contrast to the SM case. We find )(éM ANSLNO ~ )(%M INSLIO = 0.5, corresponding to
0.70 preference of IO over NO (see also Fig. 3). Therefore, the indication in favor of NO found in
the standard case gets completely lost in the presence of NSI. For more details please refer to [7].

4. Numerical Results

Fig. 2 shows the allowed regions determined by the combined analysis of T2K and NOvA, in the
plane spanned by |e.-| and ¢.,. Left (right) panel corresponds to NO (IO). The red star in each
panel denotes the best fit value. We have marginalized away the CP-phase 6, the mixing angles 63
(with prior) and 6,3, and the squared-mass Am%l. It is evident from the left panel that in case of
NO, there is only 0.70 level preference of non-zero value of |, | with best fit value approximately
0.09. Now in case of 10, we can see from the right panel there is a 2.50 level strong preference
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Figure 3: One dimensional A y? projections of § and 653 for SM as well as SM+NSI framework, determined
by the combination of T2K and NOvA. This figure has been taken from [7].

of non-zero value of |e..| with best fit value approximately 0.39. The associated CP-phase ¢, has
the best fit value 1.42x (1.307) for NO (10).

In Fig. 3, we show the one-dimentional projections on two oscillation parameters ¢ and 6,3 in
the SM and SM+NSI framework. The allowed regions shown here are determined by the combined
analysis of T2K and NOvA. Solid (dashed) lines correspond to NO (10). The undisplayed parameters
in each plot have been marginalized away. One can observe that in the SM case there is a preference
for NO at the ~ 2.40 level. However this preference gets completely washed out and there is no
preference of any ordering in the presence of NSI. It is worth to mention that the reconstruction of
o0 deteriorates in the presence of NSI and similarly the preferences for a non-maximal mixing and
that for the higher octant of 8,3 with respect to the lower octant found in the SM sensibly decrease,
which can be attributed to the fact that in presence of NSI the number of degrees of freedom is
higher than the SM case. Let us now make some comments regarding the NSI involving the e — u
sector. We have found that in this case NO is preferred over 10 at the 2.50 level similar to the SM
case. Therefore, the ambiguity of the indication in favor of the NO appears only when we consider
the non-standard interactions in the e — 7 sector. For more details please see [7].

5. Conclusions

In this work we have expounded the current data of T2K and NOvA in the presence of NSI involving
the e — 7 (&.7) and e — p (&.,) sectors respectively. We found that the indication in favor of NO
in SM gets completely vanished when one turns on the NSI with coupling strength (g.). It would
be interesting to make the same analysis combining NOvA and T2K data with that of the existing
atmospheric neutrino data. We also hope that the future high-statistics LBL experiments like DUNE
and the atmospheric neutrino facilities might help to resolve this issue.
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