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Abstract: The v, — v, oscillation probability over a short baseline (<1 km) would be negligible
for the case when the mixing matrix for three active neutrinos is unitary. However, in the case of a
non-unitary mixing of three neutrinos, this probability would be non-negligible due to the so-called
“zero distance” effect. Hence, the near detector of accelerator experiments such as NOvA can provide
strong constraints on the parameters of the non-unitary mixing with very large statistics. By analyzing
the NOVA near-detector data, we find that the non-unitary mixing does not improve fits to the v, or
vy, events over the standard unitary mixing. This leads to constraints on the non-unitary parameters:
ago > 0.911, |agp| < 0.020, and w17 > 0.952 at 90% C.L. A combined analysis with the near- and
far-detector data does not change these constraints significantly.
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1. Introduction

The latest results from the NOvA [1,2] and T2K [3] show that there exists a tension
between the two experiments. Their best-fit points in the sin? 03 — dcp plane, with a unitary
mixing hypothesis, are far apart from each other and without any overlap between their
respective 1 confidence regions. Moreover, while separate analyses of the NOvA and
T2K data prefers a normal hierarchy (NH), the combined analysis prefers an inverted
hierarchy (IH) over a NH [4]. Several papers have tried to resolve this tension with the
help of beyond-the-standard-model (BSM) physics. Refs. [5,6] considered a neutral current
non-standard interaction during propagation, while Ref. [7] considered a CP-violating
Lorentz invariance violation during propagation. However, the new physics signatures
are not stronger than 1 ¢ significance in these analyses and no other neutrino oscillation
experiments have observed these signatures yet. Ref. [8] instead considered non-unitary
3 x 3 mixing as a solution to the tension between the NOvA and T2K data. Non-unitary
mixing implies the presence of extra neutrino generations, which is in accordance with
the LSND [9] and MiniBooNe [10] results. However, a recent analysis [11] shows that the
data from the short baseline reactor neutrino experiments strongly disfavors non-unitary
mixing. Therefore, further analyses of additionally available data are needed to search
for signatures of non-unitary mixing in long baseline neutrino oscillation experiments.
Here, we analyze the NOvA near-detector (ND) data with the non-unitary neutrino mixing
hypothesis for the first time.

The accelerator neutrino energy is in the 1-10 GeV range. Since the neutrino oscillation
probability depends on A3 L/E, where Az; = m3 — m? is the mass-squared difference
between the neutrinos of masses m3 and m1, L is the length of the baseline, and E is the
neutrino energy, the oscillation probability for the standard unitary mixing, driven by Az
at this energy range, is negligible at L ~ 1 km. This is not true, however, in the case of
non-unitary mixing. The non-unitary 3 X 3 mixing matrix is defined as [12]:

oo 0 0
N = NneUpmns = | w190 #4110
X0 K21 Q22

Upmns , 1)
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where Uppns is the unitary PMNS mixing matrix. In the Nyp matrix, the diagonal term(s)
must deviate from unity and/or the off-diagonal term(s) must deviate from zero to allow
for the non-unitary effect. Non-unitary mixing leads to a zero-distance oscillation effect
due to interactions of the active neutrinos with extra-heavy fermions at production. The
vy — v, oscillation probability at L = 0, in this case, is given by [12]:

PP (L = 0) = agolazol®. 2)

Therefore, in the case of non-unitary mixing, it is possible to observe neutrino oscillations
even over a very short distance, which is called the “zero distance” effect. This effect
can be tested with data from the short baseline neutrino oscillation experiments, as well
as the near detector of long baseline experiments such as NOvA and T2K. Although the
analysis in Ref. [11] shows that short baseline neutrino experiments such as NOMAD [13]
and NuTeV [14] strongly disfavor non-unitary mixing, the reactor neutrino fluxes have
large uncertainties [15]. Accelerator neutrino fluxes are better known. In this paper, we
have looked for the signal of non-unitary mixing in the NOvA ND data. We also perform
a combined analysis of the NOvA ND and far-detector (FD) data to test the two mixing
schemes, which is unique for the same experiment. A similar analysis with the T2K near
and far detectors would be equally interesting; however, T2K ND data is not publicly
available [16].

The NOvA ND is a 290 ton totally active scintillator detector, placed 100 m under-
ground (to minimize background fluxes) and 1.9 mrad off-axis, approximately 1 km away
from the source at the Fermilab [17]. In the case of unitary mixing, the ND will not observe
any v, — v, oscillations at such a short distance, and the observed electron events will
come from the contamination in the v, beam. However, as explained in Equation (2), there
will be an excess of electron events due to the v, — v, conversion in the case of non-unitary
mixing. Effects of non-unitary mixing at the ND will be sensitive to the parameters agy and

|a1g], and also on aq1, because of the condition |a19| < \/(1 —a3,)(1 —a?)) [18,19]. There

is essentially no dependence on the phase ¢ associated with |aqg| in the ND data. For
our analyses, we have used 1.10 x 10%! (1.18 x 10%!) protons-on-target (POTs) data in the
neutrino (antineutrino) mode for the ND, and 1.36 x 102! (12.5 x 10?°) POTs data for the
FD [1,2].

In this paper, we have discussed the analysis in Section 2, and presented the results in
Section 3. Our conclusion has been drawn in Section 4. We show the oscillation probabilities
and fits to the event distributions in the Appendix A.

2. Analysis of NOvA Data

We calculate the theoretical muon and electron event rates and the x? between the
theoretical and experimental data by using the software GLoBES [20,21]. We have modified
the probability code of GLoBES so that it can handle non-unitary mixing for simulating
theoretical events. A detailed algorithm used for the probability calculation with non-
unitary mixing has been given in Ref. [8]. We have also fixed the efficiencies of the electron
and muon events for each energy bin according to the expected event rates at the ND and
FD, which are provided by the NOvA collaboration [2]. For the x? analyses, we have kept
sin? 61 and Ay, where Ay; = m% — m%, at their best-fit values of 0.304 and 7.42 x 1075 eV?,
respectively [22]. We have varied sin? 613 and sin? 6,3 in their respective 3 ¢ ranges, as
given in Ref. [22]. We have also varied |A;,| in its 3 ¢ range, around the MINOS best-fit
value 2.32 x 103 eV? with 3% uncertainty [23], where Ay, is related to A3; by the following
relation [24]:

AW‘ = sin® 023031 + cos? 01203
+ cos dcp sin 207, sin 613 tan 012 Ap1. 3)
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We have varied the CP-violating phase écp in its complete range [-180°:180°]. For the
non-unitary parameters, we have varied agy and «1; in the range ‘[0.7:1] and |apg| in
the range [0:0.2]. We have varied the phase ¢9, where a9 = |a1|e'?10, in its complete

range [—180°:180°]. We have also implemented the condition |a19| < \/ (1—a3))(1—a?)
throughout the analysis. We have kept the other non-unitary parameters fixed at their
unitary values, as their effects are negligible.

We have implemented automatic bin-based energy smearing for generated theoretical
events, as described in the GLoBES manual [20,21]. For this purpose, we have used a
Gaussian smearing function for the true neutrino energy E:

1 _(EE)?
RE(E,E') = Nord 272(E) (4)

where E’ is the reconstructed energy. The energy resolution function is given by:

o(E) =aE + ﬁ\/E—i— Y. (5)

For the NOvA FD, we have used a = 0.09 (0.08), and g = 7 = 0 for v, (¥,) charged-current
(CC) events. For v, (7,) CC events, values for the FD are « = 0.11 (0.09), p = v = 0. For the
ND, we have used & = 0.118, B = v = 0, for both the muon and electron events as well as
for both neutrinos and anti-neutrinos. For the FD, we have used 8.5% normalization and
5% energy calibration systematic uncertainties for both the e-like and p-like events [17]. We
calculated the systematic uncertainties at the ND using the following method: we assumed
the normalization and energy calibration systematic uncertainties at ND to be 0.085 + 51
and 0.05 + sy, respectively, for both the e-like and the y-like events. We then analyzed both
the ND and FD data together with the standard three-flavor oscillation hypothesis, while
both s1 and s, were varied in the range [0:0.3]. For this purpose, we kept the standard
oscillation parameters sin? 013, sin? 03, dcp, and As; fixed at their best-fit values for the
NH taken from the analysis of the NOvA collaboration [1,2]. sin? 61, and Ay were fixed
at their best-fit values, as taken from Ref. [25]. We calculated the x? between theory and
experiment and found that the minimum )(2 occurs at s = s, = 0.30. Thus, we fixed the
normalization and energy calibration uncertainties at 38.5% and 30%, respectively.

We calculated x? for both the NH and IH of the neutrino masses. The minimum x?
obtained by varying parameters is subtracted from the other x? values to calculate Ax>.
During the x? calculation, Gaussian priors have been added to the sin? 613. Further details
of the x? analysis are given in Ref. [8]. Before proceeding to analyze the data with the non-
unitary mixing, we have analyzed data with the standard mixing hypothesis and found
that the NOvA ND data does not have any sensitivity to the unitary oscillation parameters.
This complies with the physics of standard oscillations. In Refs. [7,8], we presented results
from analyzing the FD data with the standard unitary mixing. We matched these results to
the standard analyses published by the NOvA collaboration to validate our analyses. We
present results of our analyses with non-unitary mixing in the next section.

3. Results and Discussion

After fitting the NOvA ND data with both the standard unitary and non-unitary
mixing schemes, we found that the best-fit point occurs at agg = 0.998, 19| = 0.002,
and aj; = 0.997. In Figure 1, we show the Ax? values for the non-unitary parameters.
The standard unitary oscillation gives as good a fit as the non-unitary mixing to the data
with Ax? = 0.09 and with four degrees of freedom (d.o.f.) fewer. Therefore, it can be stated
that the NOvA ND data does not have any signature of non-unitary mixing. As mentioned
earlier, the ND data from NOvA does not have any sensitivity to the phase ¢19, nor does it
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have any sensitivity to hierarchy. The 90% C.L. (5 ¢) limits on the non-unitary parameters
from the ND data of NOvA are:

wgo > 0.911 (0.804), |age| < 0.020 (0.035), ayy > 0.952 (0.866) . 6)

Fitting the combined data from the ND and FD, the best-fit points were found to be
ago = 0.991, |aqg| = 0.0009, and @17 = 0.978. In this case also, the standard oscillation gives
as good a fit to the data as non-unitary mixing with Ax? = 0.44. Thus, just like the ND
data alone, the combined fit of the data from both ND and FD of NOvA does not show any
signature of non-unitary mixing (see Figure 1). The 90% C.L. (5 ¢) limits on the non-unitary
parameters from the ND and FD data of NOvA are:

wgo > 0.910 (0.804), |a1p| < 0.018 (0.035), aqq > 0.945 (0.885). @)
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Figure 1. Ax? as a function of individual non—unitary parameters for the NOvA ND (red lines) and
ND + FD (blue lines) data.

Although, as mentioned earlier, the ND data is not sensitive to the standard oscillation
parameters, the combined ND and FD data are sensitive to those parameters. In Figure 2,
we show the 10 and 3 ¢ allowed regions in the sin? 03 — dcp plane after the combined
analysis. It is important to note that the best-fit points and the allowed regions are very close
to each other for the non-unitary and standard unitary mixing. This is precisely because
the sensitivity to the standard oscillation parameters is dominated by the FD data, and the
deviation from the unitarity is very small. In Ref. [8], we did not include the NOvA ND
data; thus, the deviation from non-unitarity at the FD data was large. Hence, the shift
in the values of the standard unitary parameters with non-unitary mixing was large. It
should also be noted, in Figure 2, that the IH cannot be ruled out, even at 1 ¢ C.L., and the
hierarchy-dcp degeneracy is present in the data when analyzed with non-unitary mixing.
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Figure 2. Allowed regions in the sin? 6,3 — dcp plane after a combined analysis of the NOvA ND and
FD data. The blue (red) lines represent the boundary of 1¢ (3¢) C.L.

4. Conclusions

The NOvA ND data does not show any signature of non-unitary mixing. At the
best-fit point, the deviation from the unitary mixing is negligible. Although the deviation
from unitary mixing at the best-fit point is larger after combining the ND and FD data,
the unitary mixing continues to give as good a fit to the data as the non-unitary mixing.
The limits obtained on the non-unitary parameters g, |19|, and a11 are consistent with the
limits obtained in Ref. [11] from analyzing short baseline neutrino data. The addition of the
FD data gives a sensitivity to the standard oscillation parameters. However, since the ND
data allows only a small deviation from the unitary mixing, the results in the sin® 63 — dcp
plane are almost similar to those obtained with the unitary mixing using only the FD data.

The results obtained from the ND data of NOvA are in tension with the analysis of FD
data alone, as presented in Ref. [8]. The FD data of NOvA prefers non-unitary mixing over
unitary mixing at 10 C.L., and also the deviation from unitarity at the best-fit point is quite
large. Thus, it is important to fit the ND data of T2K, as well as future experiments such
as DUNE [26] and T2HK [27], to the non-unitary mixing scheme to investigate if a similar
trend persists in them as well.
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Appendix A. Oscillation Probabilities and Fits to Event Distributions

In Figure Al, we have presented the v, — v, transition probability and v, — vy
survival probability as functions of energy at the ND for both the unitary and non-unitary
mixing schemes. To do so, we changed the probability code in GLoBES such that it can
calculate the exact v, appearance and v, survival probabilities with non-unitary mixing and
without any approximation at a particular baseline, however small. This is discussed in
detail in Ref. [8]. We fixed the standard unitary oscillation parameter values at their current
NOvVA best-fit values. The non-unitary parameter values have been fixed at the best-fit
values we obtained after analyzing the ND data from NOvA. It is obvious from Figure A1
that, for unitary mixing at the ND, the v, — v, appearance probability is 0, and the v, — vy,
survival probability is 1 for all energies. At the present best-fit point found after fitting the
ND data, the oscillation and survival probabilities do not change. The characteristics do
not change for the 7 probability shown in Figure A2.
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Figure Al. v, — v, transition (v, — v, survival) probability as a function of energy at the ND in the
upper (lower) panel. The left (right) panel is for NH (IH). The solid (dashed) line represents (non-)
unitary mixing.
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Figure A2. The same as Figure A1, but for antineutrinos.
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In Figures A3 and A4, we have shown the same probabilities at the FD. For unitary
mixing, we have fixed the standard oscillation probabilities at the present best-fit values
given by the NOvA collaboration. For non-unitary mixing, we have fixed both the standard
and non-standard oscillation parameters at the best-fit values we have obtained after
analyzing the ND and FD data with the non-unitary mixing hypothesis. It is obvious that
the distinction between the two hypotheses at the FD is small at the present best-fit values.

0.1 T
|| unitary
0.08 non-unitary - - - - _|
P, /NH P, /IH
0.06 /\
0.04 / X /’A N\
H . A
0.02 T 3
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] ]
/_ - === T -
/" P /NH /P H
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0:6 \ /e
|
\

0.2

V v
0 2 4 6 8 10/0 2 4 6 8 10
E [GeV]

Figure A3. v;, — v, transition (v, — vy survival) probability as a function of energy at the FD in the
upper (lower) panel. The left (right) panel is for NH (IH). The solid (dashed) line represents (non-)
unitary mixing.
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Figure A4. The same as Figure A3, but for antineutrinos.

In Figure A5, we have shown the comparison between the observed v, and 7, events at
the NOvA ND and FD with the expected events for the standard unitary and non-unitary
mixing schemes. Expected events are calculated with mixing parameters at the respective
best-fit points of the two schemes. The difference in expected event numbers at the FD
between unitary and non-unitary mixing is very small. At the ND, the expected event
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References

numbers at the best-fit points for both the mixing hypotheses are essentially the same, and
both give a good fit to the data. In Figure A6, we have shown the difference between the
expected and observed v, and 7, events at the ND as a function of energy for both the
unitary and non-unitary mixing.
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Figure A5. Comparison between the observed and expected v, and 7, events at their respective
best-fit points for both unitary and non-unitary mixing at the ND and FD.
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Figure A6. Same as Figure A5, but for v, and 7, events.
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