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We consider here the NOVA experiment configuration and propose to place a second off-axis de-
tector, with a shorter baseline, such that the type of neutrino mass hierarchy could be determined,
by exploiting matter effects, with only the neutrino run. We show that the determination of this
parameter is free of degeneracies, provided the ratio L/E, where L the baseline and E is the neu-
trino energy, is the same for both detectors. We also compare this possibility with the case of the
second detector placed at the second oscillation maximum.
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The existence of neutrino oscillations [1] plays a crucial role in our understanding of neutrino
physics, as it implies non-zero neutrino masses and mixing. Among the different parameters in this
picture, the the type of neutrino mass spectrum, i.e., sgn(Am%l) is one of the present unknowns.
Its determination is of fundamental importance for the progress in the studies of neutrino mixing
and provided 6,3 is large enough, it might be determined in long-baseline experiments, which, in
general, have a single detector with the beam running in both neutrino and antineutrino modes.
However, these measurements suffer from degeneracies in the neutrino parameter space.

Generically, a measurement of the probability of conversion for neutrinos and antineutrinos
cannot uniquely determine the type of hierarchy in a single experiment. Contrary to the naive
expectation, it has been shown in Refs. [2, 3] that the use of only a neutrino beam could resolve
the type of hierarchy when two long-baseline experiments are combined under certain conditions,
being the best combination the one with the same L/E at both experiments. Differently from this
approach, we present a scenario with only one experiment, which runs in the neutrino mode and
uses two detectors at different distances and off-axis angles (see Refs. [4, 5] for details). It is well
known that off-axis neutrino beams have a very narrow neutrino spectra, and their peak energy can
be tuned by displacing the detector out of the main beam axis. In such a way, a single beam could
do the job of two beams with different energies.

Thus, we study the use of two off-axis detectors in combination with the NuMI beam so that
the type of hierarchy could be determined free of other degeneracies. We consider one detector at
the location which is the most likely for the NOVA configuration (L = 810 km and E = 2.3 GeV)
and the other at L = 200 km. We name this improved experimental setup Super-NOvVA. We show
that a configuration with the same vacuum oscillation phase, i.e., same L/E for both detectors,
is specially sensitive to matter effects and hence to sgn(Am3;). In addition, we show that such a
measurement is free of degeneracies, which provides the full power of this method.

We consider the case of L/E constant and show how, by adding another detector to the already
proposed NOVA experimental setup, the measurement of sgn(Amz,) is possible free of degenera-
cies from other parameters. We have explored the possibility of using two 50 kton liquid argon
TPC detectors, for which the efficiency to identify ve CC interactions is 90% (i. e., basically per-
fect efficiency) and that the background is dominated by the intrinsic ve and ve components of the
beam. We have assumed that the number of protons on target per year is 3.7 x 102 [6] (18.5 x 10%°
pot/yr with a proton driver)! and five years of neutrino running. On the other hand, in order to
be sensitive to CP-violation, the running with antineutrinos is completely necessary, but we do
not consider this possibility here (see Ref. [5] for a detailed study of this possibility with different
choices of detectors and scenarios).

In order to study matter effects, we consider the probability of v,V oscillations in matter at
two different lengths of the baselines, Ly (near detector) and L (far detector), so that we keep the
same ratio L/E at both sites. By calculating the normalized difference of the oscillation probabili-
ties (2) computed at the near and far locations, we can see that its sign depends upon the type of
neutrino mass spectrum [4], and that the effects due to the CP—phase J, as well as those due to the
solar neutrino mixing parameters, are subleading and cannot flip the sign of & for large enough va-
lues of sin?26;3 > 0.01, which are within the range to be explored by the NOVA experiment [6, 7].

1These values correspond to the already old NOvA proposal [6]. For the recent revised proposal see Ref. [7].
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Figure 1: (a) Sensitivity to sgn(Am3,) (for |Amj, | = 2.4 x 10~2 eV2), including systematic errors. The solid (dashed)
curve is obtained without (with) proton driver. (b) Results of the x? analysis to determine sgn(Amg, ) versus sin? 2613
with a proton driver. The corresponding 90%, 95% and 99% C.L.sare shown. Seetext regarding the experimental setup.
From Ref. [4].

In order to compute the sensitivity to the mass hierarchy, as a first approach, we have con-
structed a measurable integrated asymmetry:

_ {N/No}n —{N/No}r )
~ {N/No}n+{N/No}¢’

where N is the number of ve induced events in the presence of oscillations and Ny is the expected
number of v, charged-current interactions in the absence of oscillations at the near (N) and far
(F) detectors. We present the 95% C.L. sensitivities to the neutrino mass hierarchy resolution in
Fig. 1a [4], where Nature’s solution has been chosen to be the normal hierarchy.

We have also performed an independent x2 analysis on the sin®2613—3 plane, where we have
assumed that Nature has chosen a given sign for Am3;, but the analysis is performed with the
opposite sign [4]. We show these results in Fig. 1b, where we plot the sensitivity to sgn(Am3;)
for the case with a proton driver. From these studies, we observe that the type of hierarchy could
be determined regardless of the value of the CP—phase & down to values of sin?26y3 = 0.04 or
sin%26;3 = 0.02 with a proton driver at 95% CL.

Interestingly, in the revised NOvVA proposal [7], the possibility to add a second detector is
pointed out. The approach there consists in placing the second detector at the second oscillation
maximum, where the matter effect is smaller by a factor of three because the energy is smaller by
the same factor. However, for such a configuration there is no cancellation between the vacuum
terms at both detectors, and the CP-violating effects are also different (larger by a factor of three
in the second detector for the same reason as above). These facts imply that the matter-dependent
terms are of the same order of those carrying information on CP-violation, which makes much
more difficult to disentangle the type of mass hierarchy from CP-violating effects. In Fig. 2, we
compare these two possibilities for placing the second detector in the case of a proton driver. As was
anticipated, the configuration for which both detectors are located such that the vacuum oscillation
phase is the same (thick solid line), i.e., the same L/E, is much better when running only with
neutrinos than that with the second detector at the second oscillation maximum (thin solid line).
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Figure 2: Comparison of the capabilities for determining sgn(Am%l) at 95 % C.L. for two different setups for the
second detector: at the same L/E as the far detector, as the proposal here (thick line) and at the second oscillation
maximum, as the NOVA proposal (thin line). We have assumed the use of a proton driver. From Ref. [5].

In summary, we have presented a method for establishing sgn(Am%l), free of degeneracies,
by using one experiment running only in the neutrino mode. We have considered an experimental
setup with two neutrino detectors placed in a special off-axis configuration. It is known that off-axis
spectra are well peaked at a certain neutrino energy, which depends on the angle from the central
axis of the beam. This allows both detectors to be located in such a way that they have the same
L/E. We have shown that synergy effects show up with this special configuration for which vacuum
oscillation phases are the same at both sites, stressing the difference in matter effects. This makes
this configuration a better approach than that with the second detector at the second maximum.
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