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We consider a Super-NOwvA-like experimental configuration based on the use of two detectors in a
long-baseline experiment as NOvA. We take the far detector as in the present NOvA proposal and add a
second detector at a shorter baseline. The location of the second off-axis detector is chosen such that the
ratio L/E is the same for both detectors, being L the baseline and E the neutrino energy. We consider
liquid argon and water-Cerenkov techniques for the second off-axis detector and study, for different
experimental setups, the detector mass required for the determination of the neutrino mass hierarchy, for
different values of #,3. We also study the capabilities of such an experimental setup for determining
CP-violation in the neutrino sector. Our results show that by adding a second off-axis detector a
remarkable enhancement on the capabilities of the current NOvA experiment could be achieved.
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I. INTRODUCTION

During the last several years the physics of neutrinos has
achieved a remarkable progress. The experiments with
solar [1-6], atmospheric [7], reactor [8] and recently also
long-baseline accelerator [9] neutrinos have provided com-
pelling evidence for the existence of neutrino oscillations.
The most significant recent contributions are given by the
new Super-Kamiokande data on the L/E dependence of
multi-GeV u-like atmospheric neutrino events [10], L
being the distance traveled by neutrinos and E the neutrino
energy, and by the new more precise spectrum data of the
KamLAND [11] and K2K experiments [9]. For the first
time these data show the oscillatory dependence on L/E of
the probabilities of neutrino oscillations in vacuum [12].

The existence of neutrino oscillations plays a crucial
role in our understanding of neutrino physics as it implies
nonzero neutrino masses and neutrino mixing. The present
data requires' two large (6, and 6,3) and one small (6,3)
angles in the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
neutrino mixing matrix [16], and at least two mass square
differences, Am3; = mj — m;, with m;; the neutrino
masses, one driving the atmospheric neutrino oscillations
(Am2,) and one the solar ones (Am3,). The mixing angles
61, and 0,5 control the solar and the dominant atmospheric
neutrino oscillations, while 65 is the angle limited by the
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"We restrict ourselves to a three-family neutrino analysis. The
unconfirmed LSND signal [13] cannot be explained within this
context and might require additional light sterile neutrinos or
more exotic explanations (see, e.g. Ref. [14]). The ongoing
MiniBooNE experiment [15] is going to test the oscillation
explanation of the LSND result.
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data from the CHOOZ and Palo Verde experiments
[17,18].

The Super-Kamiokande [7] and K2K [9] data are well
described in terms of dominant v, — v, (¥, — ¥,) vac-
uum oscillations. The former require the following best-fit
values of the mass squared difference and mixing angle:
[AmZ,| = 2.1 X 1073 eV?, sin®26,3 = 1.0 [7], whereas
the latter are best explained for [Am3|=2.8X
1073 eV?2, sin’26,; = 1.0 [9]. The 90% C.L. allowed
ranges of these parameters obtained by the Super-
Kamiokande experiment read [7]:

Sin22023 = (0.92.
(1.1)

[Am3,| = (1.5 — 3.4) X 1073 eV?,
31

A new preliminary analysis [19] of Super-Kamiokande
data, using a finer momentum binning of multi-GeV neu-
trinos, yields a slightly higher best-fit value for the mass
squared difference, |Am3;| =2.5X 107 eV2 The al-
lowed 90% C.L. interval reads |[Am3| = (2.0-3.0) X
1073 eV2. The sign of Am3,, sgn(Am3,), cannot be deter-
mined with the existing data. The two possibilities,
Am3, >0 or Am3, <0, correspond to two different types
of neutrino mass ordering: normal hierarchy (NH), m; <
my < ms (Am3, > 0), and inverted hierarchy (IH), m3 <
m; < m, (Am3; < 0). In addition, information on the oc-
tant where 6,5 lies, if sin?26,; # 1.0, is beyond the reach
of present experiments.

The 2-neutrino oscillation analysis of the solar neutrino
data, including the results from the complete salt phase of
the Sudbury Neutrino Observatory (SNO) experiment [6],
in combination with the recent KamLAND 766.3 ton-year
spectrum data [11], shows that the solar neutrino oscilla-
tion parameters lie in the low-LMA (Large Mixing Angle)
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region, with best-fit values [6]

Am3, = 8.0 X 1077 eV?, sin®6,, = 0.31.  (1.2)

A combined 3-neutrino oscillation analysis of the solar,
atmospheric, reactor and long-baseline neutrino data [20]
(see also Ref. [21]) constrains the third mixing angle to be:

sin?6,5 < 0.041, 3o C.L. (1.3)

The future goals in the study of neutrino properties will
be to precisely determine the already measured oscillation
parameters and to obtain information on the unknown
ones, namely 6,3, the CP-violating phase 6 and the type
of neutrino mass hierarchy (or equivalently sgn(Am3,)). A
more accurate measurement of the leading neutrino oscil-
lation parameters will be achieved by the MINOS [22],
OPERA [23] and ICARUS [24] experiments and future
atmospheric and solar neutrino detectors [25]. The deter-
mination of the A3 angle is crucial as it opens up the
possibility of the experimental measurement of the CP-
(or T-) violating phase &, and to establishing the type of
neutrino mass hierarchy. A wide experimental program is
under discussion in order to achieve these goals.

The mixing angle 6,3 controls the v, — v, and v, —
v, conversions in long-baseline experiments and the v,
disappearance in short-baseline reactor experiments.
Present and future conventional beams [22], superbeams
with an upgraded proton source and a more intense neu-
trino flux [26,27], and future reactor neutrino experiments
[28] have the possibility to measure, or set a stronger limit
on, 6;3. Smaller values of this mixing angle could be
accessed by very long-baseline experiments such as neu-
trino factories [29,30], or by B-beams [31-34] which
exploit neutrinos from boosted-ion decays, or by super-
beams with Megaton detectors [26], or by electron-capture
facilities [35] (see also Ref. [36]). The mixing angle 603
also controls the Earth matter effects in multi-GeV atmos-
pheric [37-41] and in supernova [42] neutrino oscillations.

The magnitude of the T-violating and CP-violating
terms as well as matter effects in long-baseline neutrino
oscillations is controlled by sinf3 [43]. If the value of 65
is sizable and at the reach of future experiments, it would
be possible to search for CP-violation in the lepton sector
and to determine the type of neutrino mass hierarchy by
establishing sgn(Am%l).z Typically, the proposed experi-
ments have a single detector and plan to run with the beam
in two different modes, neutrinos and antineutrinos. In
principle, by comparing the probability of neutrino and

Information on the type of neutrino mass hierarchy might be
obtained in future atmospheric neutrino experiments [38—41]. If
neutrino are Majorana particles, next generation of neutrinoless
double B-decay experiments could establish the type of neutrino
mass spectrum [44] (see also Refs. [45—48]) and, possibly, might
provide some information on the presence of CP-violation in the
lepton sector due to Majorana CP-violating phases [49] (see also
Refs. [46,48,50,51]).
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antineutrino flavor conversion, the values of the
CP-violating phase 8 and of sgn(Am3;) can be extracted.
Different sets of values of CP-conserving and violating
parameters, (63, 013, 8, sgn(Am3,)), lead to the same prob-
abilities of neutrino and antineutrino conversion and pro-
vide a good description of the data at the same confidence
level. This problem is known as the problem of degener-
acies in the neutrino parameter space [52—56] and severely
affects the sensitivities to these parameters in future long-
baseline experiments. Many strategies have been advo-
cated to resolve this issue. Some of the degeneracies might
be eliminated with sufficient energy or baseline spectral
information [30]. However, statistical errors and realistic
efficiencies and backgrounds limit considerably the capa-
bilities of this method. Another detector [53,57—62] or the
combination with another experiment [63—69] would,
thus, be necessary.3

The use of only a neutrino beam could help in resolving
the type of hierarchy when two different long-baselines are
considered [61-64]. The most favorable case is keeping
the same L/E at the two different baselines. In particular, it
was shown that just one experiment, named Super-NOvA
[61], which runs in the neutrino mode and uses two detec-
tors at different distances and different off-axis angles,
could determine the type of hierarchy for values of
sin65 as small as 0.02. This method is free of degener-
acies. It uses the fact that, comparing the probability of
conversion at the two sites, the vacuum oscillation term
cancels out, leaving as dominant the term sensitive to
matter effects. Hence the leading CP-violating term can-
cels and CP-violation gives only a subdominant correction.
Off-axis neutrino beams have a very narrow neutrino spec-
tra, and their peak energy can be tuned by displacing the
detector out of the main beam axis. We notice that an off-
axis beam can be obtained by either putting the detector a
few km away from the location of an on-axis surface
detector, or by placing it on the vertical of the beamline
but at a much shorter distance. In such a way, a single beam
could do the job of two beams with different energies. In
Ref. [61] the case of the NuMI beam and two 50 kton liquid
argon TPC detectors, one at the NOvA proposed site [27]
and the second at a shorter baseline, 200 and 434 km, was
studied in detail. It was shown that the hierarchy can be
determined at 95% C.L., regardless of the value of &, for
sin’6,; = 0.05 for a conventional beam and for sin’6,; =
0.02 with a proton driver. This should be compared with
the sensitivity of the proposed NOvA experiment [27]. At
95% C.L., only for less than 40% of the values of &, the
type of neutrino mass hierarchy can be resolved if

*New approaches which exploit other neutrino oscillations
channels such as muon neutrino disappearance have been pro-
posed [70] for determining the type of hierarchy. They require
very precise neutrino oscillation measurements. Under certain
rather special conditions it might be determined also in experi-
ments with reactor v, [71].
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sin*26;3 = 0.10 in a 3 years of neutrino plus 3 years of
antineutrino running [27].

Here, we follow the Super-NOvA strategy [61] but we
consider a more realistic scenario. We consider the use of
the proposed NOvA detector, a 30 kton low-Z calorimeter,
at the far site. We add a second off-axis detector, either a
liquid argon or a water-Cerenkov detector, at a shorter
baseline of 200 km, keeping L/E constant at the two sites.
In addition, we provide a sequencing for the construction
of the experiment, assuming that the second detector will
be constructed at a second stage. If the mixing angle 63 is
very small, then adding the second detector would increase
the statistics for constraining this parameter but would not
provide any useful information on the type of neutrino
mass hierarchy. On the contrary, if 6,3 is within the sensi-
tivity of the NOvA experiment and a positive signal is
found in the first years of running, the construction of the
second off-axis detector would enormously enhance the
capabilities for the determination of the type of neutrino
mass hierarchy, (almost) free of degeneracies. Let us stress
that the unique contribution of the NuMI neutrino program
and of the NOvA experiment would be establishing the
type of hierarchy.* Therefore we focus on this issue and we
study in detail the requirements for the second detector for
achieving this remarkable result. In addition, we also study
the possibility of the measurement of CP-violation within
this experimental setup. In order for this to be possible, the
running with antineutrinos is completely necessary. Hence,
in our sequencing of the experimental setup, we also add
some years of antineutrino data.

We start by reviewing the relevant formalism and the
power of the method in Sec. II. In Sec. III we describe the
two different experimental configurations we consider. We
show in Sec. I'V the results for different possibilities for the
200 km detector and we depict how the sensitivity changes
for different values of |[Am3,|. In Sec. V, we compare
different possible choices for the location of the second
off-axis detector and argue why the choice we make here is
preferable. Finally, in Sec. VI, we summarize and
conclude.

II. FORMALISM

In the present study we focus on the capabilities of
reducing degeneracies of a long-baseline neutrino experi-
ment with two off-axis detectors. It is well known that an
off-axis neutrino beam is characterized by a well peaked
spectrum, so for sake of analytical understanding we can
take it as approximately monochromatic. It was shown in
Refs. [61,63,64] that a particularly suitable configuration
for the determination of the neutrino mass hierarchy is such
that the ratio L/E, where L is the baseline and E is the

“The proposed atmospheric neutrino experiment INO [72]
could achieve a similar result on the same timescale if finally
approved.
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neutrino energy, is the same for both detectors. For this
particular configuration, the use of just a neutrino running
could be sufficient to determine the type of neutrino mass
spectrum, depending upon the actual value of sin?26,5. We
review below the analytical expressions illustrating this
result.

For neutrino energies £ = 1 GeV, 65 within the present
bounds [20,21], and baselines L < 1000 km [55],> the

(=)

oscillation probability P(L) can be expanded in the small
parameters 613, Ajp/A3, Aj5/A and AL, where A, =
Am3,/(2E) and A3 = Am3 /(2E) [30] (see also
Ref. [73]):

) . ) A 2 /(AF¥ ApR)L
P(L) = sm202351n22013<A171213> sm%%)

Ap Ag

+ cosf 3 sin26 3 sin26,3 sin26 |, 2 AT AL
+ A3

X sin<%> sin<(A i AB)L) cos(A;L ¥ 6)

2

A2 AL
+ cos2923sin226,2<%> sin2<—>.

5 (2.1

Here, we use the constant density approximation for the
index of refraction in matter A = 2Gpii,(L). We define
i,(L) = 1/L [§n,(L")dL' as the average electron number
density, with n,(L) the electron number density along the
baseline. In addition, taking into account that for the base-
lines and energies of interest the matter effects are small
(A < Am, and AL < 1) a further expansion can be
carried out. It was shown in Ref. [61] that for this experi-
mental configuration of the detectors, at first order, the
v, — v, conversion probability in vacuum is the same at
both locations, so the dominant term of the normalized
difference of the oscillation probabilities computed at the

near and far baselines, D = %, depends linearly

on the matter term. Up to terms of order O(AA,/A3),
O(A6?;) and O(A?), the expression for D reads [61]:
AnLy — ApLp [ 1 1

2 <(A13L/2) - tan(ABL/Z))
y <1 Ay cosfyz sin26;,  A3L/2

D ~

A13 tan023 sin2013 sin(ABL/Z)
1AJLY, — ARLE
2 4

X o+
cos< > 5

A13L> _ sin22013> +

1 1
X - . 2.2
(@~ wam) 22
As shown in this formula, the corrections due to the
CP-violating terms are small as far as sin’6;; = 0.02
because the dominant CP-violating terms in P(Ly) and

SFor E = 0.6 GeV we have checked that the analytical ex-
pansion is accurate for L < 500 km within the present bounds of
013 and Am%l/Am%I [61]
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P(Ly), which depend upon the vacuum terms, cancel out.
As we can clearly see from Eq. (2.2), by considering both
detectors with the same vacuum oscillation phase, the
dependence on the matter potential dominates, with little
contamination from other parameters. Thus, the normal-
ized asymmetry is sensitive to the type of hierarchy as the
sign of the matter potential term is a direct indication of the
sign of the atmospheric mass squared difference. This is
the power of the method, for corrections due to the rest of
parameters can modify slightly its value, but cannot change
its sign.

In Ref. [61], the determination of sgn(Am3,) was con-
sidered and studied in detail with a configuration based on
the (old) NOvA proposal [74] with a single running in the
neutrino mode. Although, as it was shown there, this could
be the right way to proceed for the resolution of the mass
hierarchy, running in antineutrinos is necessary in order to
search for effects due to the CP-violating phase 6. Hence,
in the present study we consider the possibility to run also
in the antineutrino channel and we analyze to what extent
this opens the possibility to search also for CP-violation in

the lepton sector. In an analogous way as for the previous
= PW)-PWL)
~ P(L)+P(L)’
the CP asymmetry for neutrinos and antineutrino detected
at a distance L. Up to second order, Dcp is given by:

case, we can compute the quantity D.p ie.,

1 1
Der = AL(ABL/z - tan(ABL/m)

+ ﬂ COS013 S%n2012 A13L 26ind — 1
A13 tan023 Sln2013 2 A13L/2

1 1

tan(AlsL/2)> tarl(AlsL/z)AL COSS:|. @3

The main feature of Eq. (2.3) lies on the fact that, for the
energies and baselines of interest, the first two terms in the
right-hand-side, the dominant matter effect term and the
CP-violating one, are of the same order, with the latter
becoming more important as sin’f; decreases. This typi-
cally introduces an important degeneracy and limits the
sensitivity to CP-violation in long-baseline experiments
and is the main reason why having two beams of neutrino
with different L and E, but the same L/E, gives better
sensitivity to sgn(Am3,) than one neutrino and one anti-
neutrino beam at the same L and E. Hence, by placing the
second detector in such a configuration, as it will be shown
below, the fact that the type of hierarchy could be deter-
mined by using the neutrino channel only, solves this
degeneracy and improves the sensitivity to CP-violation
when running with antineutrinos.

III. EXPERIMENTAL CONFIGURATION

As has been mentioned above, the idea of exploiting the
capabilities of two off-axis detectors, with the same L/E at
a single experiment, was presented in Ref. [61] for the first
time by using the proposed configuration of the NOvA

PHYSICAL REVIEW D 73, 073007 (2006)

experiment. In that study it was assumed the use of two
liquid argon detectors of 50 kton each, one placed off-axis
at 810 km (the proposed site for NOvA) and the other one
off-axis at 200 km (or 434 km), which altogether was
named Super-NOvA. It was shown that the best capabil-
ities for determining the type of neutrino mass hierarchy
were achieved for the case of a near off-axis detector
placed at the shortest baseline, i.e., 200 km, for which
the differences in the matter effects with respect to the
far detector were larger, and consequently so was the
sensitivity to this parameter. Although the development
of the liquid argon technology is already quite advanced
and has been successfully proven to work in small proto-
types [24], it is reasonable to think that the timelines for the
NOvwA experiment might not allow to build such a detector
at the far site. Hence, in the present study, keeping the
essence of Super-NOvA, we consider the use of the cur-
rently proposed detector [27] at the far site, that is, a low
density tracking calorimeter of 30 kton with an efficiency
of 24%, and the possibility of building a second off-axis
detector at 200 km.

For the detector technologies we consider water-
Cerenkov and liquid argon and study the case of different
sizes. For the purposes of this study, we consider flat
efficiencies with no energy dependence, €, and back-
grounds coming only from the beam. Consequently, one
of the relevant statistical parameters is what we define as
the efficient mass of the detector, M, = Mgy X €, where
My is the fiducial mass of the detector. The proposed
NOvA detector has My, = 7.2 kton. We will consider
the medium energy configuration of the NuMI beam and
6.5 X 10%° protons on target per year (pot/yr) [27]. In
addition, we propose to sequence the experiment such
that the first phase uses only the far detector as in the
NOwA proposal [27]. In the second phase, the second
detector, the near off-axis one, is already constructed and
starts taking data. The choice of adding the second detector
should be guided by the knowledge of the value of the
mixing angle 3. Such information can be provided by the
NOvA experiment itself in the first years of running [75]
and by other experiments which are expected to run pre-
viously [28] or at the same time [26]. If the angle 6,5 is
beyond the reach of the NOvrA experiment, adding a
second detector would not be useful in determining the
type of neutrino mass hierarchy or CP-violation.
Conversely, for a sizable value of 6,3, we show that con-
structing a near off-axis detector with the same L/E would
allow to determine sgn(Am3), (almost) free of
degeneracies.

The NOvA experiment itself has the capability to probe
values of 65 down to sin’6,3 ~ 0.02, within the first 3 yrs
of running [75]. Therefore, we consider first only the
NOvA far detector and 3 yrs of neutrino run plus 3 yrs
of antineutrino run. Assuming that a positive signal for

v, — v, conversion is found after the first neutrino run,

073007-4



DETERMINING THE NEUTRINO MASS HIERARCHY AND ...

signaling 63 in the interesting range of values, we assume
that the second detector is constructed and starts taking
data immediately after the antineutrino running period.

Following these general guidelines we have considered
two different scenarios. In scenario I (Scl), without proton
driver, after the first 6 yrs with only the NOvA detector, we
assume other 6 yrs of neutrino run plus 2 yrs of antineu-
trino run. We do this for different values of M, = 17.5,
35,70, 13.5,27,45 lgton, where the first three values would
account for a water-Cerenkov detector (70% efficiency®) of
25, 50 and 100 kton, whereas the last three values would
account for a liquid argon detector (90% efficiency) of 15,
30 and 50 kton. In scenario II (Scll), the beam is upgraded
from the beginning with a proton driver (25 X
10%° pot/yr), which is equivalent to multiply M, by a
factor ~3.85. During the first 6 yrs, only the NOvA
detector would be taking data. Afterwards, both near and
far detectors would take data for 3 yrs of neutrino run plus
1 yr of antineutrino run. We use the same values of M. as
for Scl. The total number of running years in Scl (Scll) is
of 14 (10).

The question that we would like to address is what is the
minimum efficient mass of the near off-axis detector re-
quired to ensure the resolution of the neutrino mass hier-
archy for the full range of values of the CP-violating
parameter & for a given value of 6;3. We have thus per-
formed a y? analysis for both 5 and §. For a given value
of the oscillation parameters, we have computed the ex-
pected number of electron events, N,, detected at the
possible locations € = N, F (near,far sites). The observable
that we exploit, N, is given by

Emnx

Nf,t = (D€,V(EV’ L)O-V(EI/)

min

X PV(Ew L; 613’ 8: Am%]: a)dEV (31)

where the sign +(—) applies for the normal (inverted)
hierarchies and « is the set of remaining oscillation pa-
rameters: 0y, 61, Am3, and the matter parameter A
(which depends on the baseline under consideration),
which are taken to be known; ®,, denotes the neutrino
flux, o, the relevant cross sections and P, the v,
conversion probability. The convolution of these three
magnitudes are then integrated over a narrow energy win-
dow of 1 GeV, where E,;, and E,,,, refer to the lower and

— v,

°In general, the detection efficiency in a water-Cerenkoy
detector is larger. However, note that for this type of detectors
one important source of background comes from 7° production,
which has not been considered in the present study. In lack of a
full simulation for the configurations proposed here and follow-
ing Ref. [76] where a low-energy beam was considered, we have
taken a 70% efficiency in order to approximately take this effect
into account. Moreover, in that study it was concluded that the
beam contamination was the dominant source of background in
that case.
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upper energy limits, respectively. We have divided the total
number of events in two bins of equal width
AE, = 0.5 GeV.”

For our analysis, unless otherwise stated, we will use a
representative value of [Am2,| = 2.4 X 1073 eV2, which
lies within the best-fit values for the Super-Kamiokande [7]
and K2K [9] experiments. However, we will also present
how the x? analysis results depend on the value of the
atmospheric mass difference |Am3,|. For the remaining
oscillation parameters, 6,3, Am3, and 6,,, we will use
the best-fit values quoted in the Introduction.

IV. DETERMINATION OF THE TYPE OF
HIERARCHY AND OF CP-VIOLATION

For the progress in the studies of neutrino physics it is of
fundamental importance measuring the value of the small
015 angle, determining the type of neutrino mass hierarchy
and searching for possible CP-violation in the neutrino
sector. Possibly, the only experiments available to be sen-
sitive to all these three parameters in the near future are
long-baseline experiments. However, the chances for them
to succeed depend upon the value of 65. If the mixing
angle 65 is out of their sensitivity reach, then next gen-
eration of neutrino experiments would be needed, such as
neutrino factories [29,30], B-beams or superbeams [31-
34] or electron-capture facilities [35]. In this study we
assume that the value of 0,3 is within the sensitivity of a
long-baseline experiment like NOvA and of future reactor
neutrino experiments [28], that is sin’26,3 = 0.01. With
this assumption, we tackle the problem of resolving the
type of neutrino mass hierarchy and determining
CP-violation by considering the experimental setup de-
scribed above. We show that the improvement with respect
to the current NOvA proposal is truly remarkable.

We first explore what is the minimal scenario which
could provide the mass hierarchy resolution for different
values of sin?265. For doing this, we have performed a y?
analysis of the data in the (sin?26, 8) plane. We assume
Nature has chosen the normal or inverted hierarchy and we
attempt to fit the data to the expected number of events for
the opposite hierarchy. Generically one expects two fake
solutions (one for each octant of 6,3) associated with the
wrong choice of the hierarchy at fixed neutrino energy and
baseline. The y? function in the combination of two base-
lines and of the neutrino and antineutrino channels reads

X%g/ = Z Z (Neg+ — N€,i)C;:(1{/(N€’,i — Ng+),
€' p=et,e”

@.1)

where the +(—) sign refers to normal (inverted) hierarchy
and C is the covariance matrix, which for the particular

"This is a very conservative estimate for the neutrino energy
resolution, which in the range of interest is AE,/E, < 50%.
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analysis considered in the present study, contains only
statistical errors. Systematic errors due to the solar neutrino
parameters can be safely neglected, while those for the
atmospheric mixing parameters Am3, and sin?26,; will be
at the level of 5% and 2% respectively [27,77] when NOvA
is expected to start taking data. On the other hand, the input
particle production spectra from which the neutrino ones at
the detectors are simulated are only known to about the
20% level at present. Before NOvA starts taking data, we
expect the MIPP experiment to improve this knowledge to
about the 5% level [78]. By using the two detectors, whose
flux can be related by simple kinematics in a Monte Carlo
simulation, this systematic error would be further reduced.
Our knowledge of CC cross sections represents another
important source of systematic errors. For the energy range
of interest, the uncertainties amount to about 20—30% at
present. However, during the next few years, experiments
like K2K [79], MiniBooNE [80] and Minerva [81] will
reduce all these errors substantially, to the 5% level.
Systematic errors related to the detectors are expected to
be smaller [82]. The impact of the uncertainties related to
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the beam and cross sections has been found analytically to
be negligible compared to the uncertainties in the oscilla-
tion parameters. All in all, a detailed analysis with a full
simulation of these errors has not been performed yet [27]
and would be required. Nevertheless, we have checked that
the impact of systematic errors at the level of 5% do not
change our basic conclusions and hence we are confident
on the validity of our results.
The experimental ““data”, N ., are given by

N ¢+ =(Ng+ + Np) — Ny, 4.2)

where we have considered that the efficiencies are flat in
the visible energy window, N, are the background events
and () means a Gaussian/Poisson smearing (according to
the statistics).

We start the analysis by assuming that the true value of
sin’26,5, that is, the value that Nature has chosen, is close
to its present upper bound. We depict in Fig. 1 the 90%,
95% and 99% C.L. contours resulting from the simulta-
neous extraction of sin’26,; and 8. The true values that we
have assumed are sin’26,3 = 0.095 and § = 285° and the

6 E—— 'I T I T T T T T T I T T T T T L=
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4L 6=285 A
o [ L=810 km (===
2F 2
0 ; P S R I SR SR T R T | R iy =~ T B :
0 0.02 0.04 0.08 0.08 0.1
sin® 2 8,
8F "sine 2 6,,=0.095 \ \'\\-
I =< A
a[ 6=285 >
< =200 km , 15 kton LAr / /
2 S5 —,4//‘:
ol 1 .Qkk i S IKK\.\. R —
0 0.02 0.04 0.08 0.08 0.1
sin® 2 0,
T —
6 r  sin? 2 6,,=0.095
Y 5=285
«© [ L=200 + 810 km
2
0 ; PSR I S T T T 1
0 0.02 0.04 0.08 0.08 0.1
sin® 2 0,

FIG. 1 (color online). 90%, 95% and 99% C.L. contours resulting from the simultaneous extraction of sin?26,5 and 8. The true value
that we have assumed is sin?26,3; = 0.09 and 6 = 285° (denoted by a star). The top panel shows the results for the analysis of data
from the NOvA far detector. The blue (dark gray) lines denote the 90%, 95% and 99% C.L. contours resulting from the analysis of the
data assuming normal hierarchy. If the data analysis is performed with the opposite sign of the atmospheric mass splitting, fake
solutions associated to the wrong choice of the neutrino hierarchy appear, shown as cyan (light gray) contours. The medium panel
shows the results from the analysis of the data at a 15 kton liquid argon detector located at 200 km from the neutrino source with
magenta (medium gray) contours. Again fake solutions are depicted with cyan (light gray) contours. The bottom panel shows the
results from the combination of the data from the two detectors with black contours. The case considered is that of scenario I (ScI) for
which the far detector is assumed to take data during 9 yrs of neutrino running and 5 yrs of antineutrino running, while the near
detector is assumed to take data during 6 yrs of neutrino running and 2 yrs of antineutrino running. The total number of years would be
14. Let us notice that within the sample of true values of the 6 phase considered, the choice in this figure is the least favorable one. For
different values of § a better sensitivity would have been achieved.
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FIG. 2 (color online).

point in the (sin?26,5, sind) plane is denoted by a star. The
top panel shows the results for the analysis of data from
only the NOvA far detector. For this particular value of
sin’26,; we have considered the scenario I (Scl), with no
proton driver. Therefore, the statistics at the far detector
corresponds to 9 yrs of neutrino plus 5 yrs of antineutrino
running. The blue (dark gray) lines denote the 90%, 95%
and 99% C.L. contours resulting from the analysis to the
data assuming NH. If the data analysis is performed with
IH, a fake solution associated to the wrong choice of the
neutrino mass hierarchy appears. We have depicted these
sgn(Am3,)-degeneracies by cyan (light gray) contours.
Notice, from the results depicted if Fig. 1, that the future
NOvA experiment (with just one far detector) might not be
able to determine the neutrino mass hierarchy if Nature has
chosen the central values in Fig. 1, even if the statistics is
increased by more than a factor of 2.

The medium panel shows the results from the analysis of
the data at a near detector located at 200 km from the
neutrino source with magenta (medium gray) contours.
The off-axis location of the near detector is chosen to
ensure the same L/E at the near and at the far detectors.
The detector considered in this first example is a modest
one, i.e., a 15 kton liquid argon TPC and we assume 6 yrs
of neutrino and 2 yrs of antineutrino data taking in the near
detector. All in all, the total number of years of neutrino
and antineutrino running would be 14, 6 with only the far
detector plus 8 with both detectors (Scl). The degeneracies
related to the wrong choice of the atmospheric mass
squared difference are again depicted with cyan (light
gray) contours. Notice that the second detector by itself
does not give any better results than the far detector.

The same as in Fig. 1 but for sin?26,; = 0.076 and § = 300°.

Synergy effects when combining the data of both detec-
tors have a remarkable outcome. This is shown in the
bottom panel, where this combination is depicted with
black contours. It is clear from the results shown in
Fig. 1 that the combination of these two setups (NOvA
as the far detector plus a 15 kton liquid argon as the near
detector with the same L/E at both sites) could resolve the
neutrino mass hierarchy if sin’26,5 > 0.09. Let us notice
that in Fig. 1 we have only illustrated the case for § =
285° because this is the value of 6 which, within the
sample of values of 6 considered, gives the worst resolu-
tion of sgn(Am3,) for the value of sin?26,3 assumed.”
Hence, it is important to realize that, when one explores
the full range of &, there exist some values of the
CP-violating phase 6 for which the sign of the atmospheric
mass difference could be resolved also in a more modest
scenario, i.e, a scenario with fewer years of data taking, or a
scenario with a smaller detector, or a combination of both
cases. It might certainly happen that Nature is kind enough
to have chosen a different value for the CP-violating phase.
In that case, the determination of the type of neutrino mass
hierarchy would be much easier. Here we present a rela-
tively pessimistic case. On the other hand, another experi-
ment which may improve the results depicted in Fig. 1 is
MINOS, which could be sensitive to sin’26,5 > 0.08 if the
total number of protons on target achieves a value of 16 X
1070 [22].

8The value of & assumed in the rest of the figures is the one
which, within the sample of values of 6 considered, gives the
worst resolution of the type of neutrino mass hierarchy for each
value of sin?265.
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The next step in the study we are presenting here is to
assume that the true value of sin’26,5 is smaller than the
one considered in Fig. 1, but still within the sensitivity
reach of the NOvA experiment. We show in Fig. 2 the
results for the same combination of two detectors with the
same L/E (that is, NOvA far detector and a 15 kton liquid
argon TPC near detector) for sin’26,5 = 0.076. The plots
are qualitatively very similar to those of Fig. 1, but as is
evident from the bottom panel, in this case, when combin-
ing the data at the two detectors, the fake solution remains
present, although only at the 99% C.L. In this case, the
value of &, within the sample of values considered, for
which the resolution of the type of neutrino mass hierarchy
is most difficult is 6 = 300°. Again, let us point out that
this happens for this specific value of 6. Hence, for most of
the other values of the CP-violating phase the results
would be even better.

If sin?26,5 < 0.07, in order to eliminate the fake solu-
tions, it is necessary to increase the mass of the near
detector. We show the results for a true value of sin?26,; =
0.058 in Fig. 3 and 6 = 300°, where we have upgraded the
modest 15 kton near detector to a 50 kton water-Cerenkov
detector (M., = 13.5 and 35 kton, respectively) and for
sin’26,; = 0.043 and 8 = 315° in Fig. 4, where the near
detector has been upgraded to a 100 kton water-Cerenkov
detector (M.;, = 70 kton). We should notice here that for
other values of the CP-violating phase 0 a smaller detector
would provide the statistics required for resolving the type
of hierarchy. This will be illustrated below by the use of
exclusion plots in the (sin?26,3, &) plane.

PHYSICAL REVIEW D 73, 073007 (2006)

As we have summarized in the description of the experi-
mental configuration, Scl does not include a proton driver.
It turns out that for vales of sin26,3 < 0.04 the efficient
mass of the detector required would exceed My, =
70 kton which might be a too demanding solution. A
more practical approach to resolve the
sgn(Am3,)-degeneracies would be to upgrade the experi-
mental setup from Scl to scenario II (Scll, with a Proton
Driver), which might constitute a more feasible option that
would provide the statistics required for small values of
sin?26 5. We present the results for sin’26,5 = 0.019 and
6 = 300° in Fig. 5. The top panel shows the results of the
data at the far detector, which within the ScIl scheme
would take data for 6 yrs in the neutrino plus 4 yrs in the
antineutrino channel. The medium panel shows the results
for the near detector, a 100 kton water Cerenkov detector,
which would take data for 3 yrs in the neutrino channel
plus 1 yr in the antineutrino channel. The total number of
years of running in the Scll strategy would be 10. We can
see from the bottom panel that for this scenario, sgn(Am3,)
could be determined at 99% C.L. for sin?26,5 =~ 0.02 for
any value, within the considered sample, of the
CP-violating phase 6. Finally, we show in Fig. 6, the
same combination of near and far detectors as in Fig. 5
and with a proton driver, but for sin’26,; = 0.011 and § =
300°. It gives similar results, but as can be noticed from the
bottom panel, when adding the data at both detectors, the
fake solution remains at the 99% C.L.

We summarize these results with the exclusion plots in
Figs. 7 and 8, where we show the fraction of § as a function
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FIG. 3 (color online).

v

50 kton water-Cerenkov detector.

The same as in Fig. 1 but for sin?26,3 = 0.058 and 8 = 300°. The near detector has been upgraded to a
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FIG. 4 (color online). The same as in Fig. 1 but for sin*260,3; = 0.043 and § = 315°. The near detector has been upgraded to a
100 kton water-Cerenkov detector.
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FIG. 5 (color online). The same as in Fig. 1 but for sin?26,; = 0.019 and § = 300°. The near detector has been upgraded to a
100 kton water-Cerenkov and the case exploited is that of scenario II (Scll) with a proton driver. The far detector is assumed to take
data during 6 yrs of neutrino running and 4 yrs of antineutrino running, while the near detector is assumed to take data during 3 yrs of
neutrino running and 1 yr of antineutrino running. The total number of years equals 10.
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FIG. 6 (color online).

of sin?265, for which the sign of the atmospheric mass
squared difference can be determined at 95% C.L. in Scl
and Scll, respectively.’ The left panel of both figures shows
the results for liquid argon detectors for three different
masses: 15 kton (upper solid magenta line), 30 kton (dotted
magenta line) and 50 kton (dashed magenta line). The right
panel shows the results for the case of three water-
Cerenkov detectors: 25 kton (upper solid blue line),
50 kton (dotted blue line) and 100 kton (dashed blue
line). In each panel it is also shown what would be the
result if there was no second detector and all data was
collected by the proposed NOvA far detector (lower black
curve). It is evident from the plots that adding the second
detector helps considerably and that even a 15 kton liquid
argon detector would improve the capabilities of the ex-
periment enormously. It is also clear from the figures that if
sin’26,; < 0.04—0.05 the use of a proton driver is crucial.
Running with a proton driver and with a second detector,
placed at the same L /E as the far detector, would make the
determination of the type of mass hierarchy feasible for
values of sin?26,5 as small as 0.02 and for a substantial
range of values of the CP-violating phase §.

Once we have studied in detail the extraction of the type
of the neutrino mass spectrum in our approach, we analyze
the reach in searching for CP-violation. In this case, we
have only considered Scll, as a larger number of events is

?A note of caution is needed here. In order to perform Figs. 7
and 8 a larger sample of values of & was considered with respect
to Figs. 1-6. Hence, the value of & in Figs. 1-6 does not
represent the worst possible case.

The same as in Fig. 5 but for sin*26,; = 0.011 and § = 300°.

required. As can be seen by comparing the top and middle
panels with the bottom panel in Figs. 1-6, resolving the
mass hierarchy removes one of the existing degeneracies,
increasing the sensitivity to CP-violation. Whereas with-
out the second detector almost none of the values of § can
be excluded (making the determination of CP-violation
challenging) by adding the second detector, only the region
related to the true hierarchy is left. To be quantitative, we
show in Fig. 9 as a function of sin?26,5, the minimum
value of 6 at which the error at 95% C.L. reaches 6 = 0,
and therefore the CP-violating case is indistinguishable
from the CP-conserving one, i.e, 6 = 0. Below the curves
it is impossible to tell the difference between the
CP-violating and the CP-conserving cases, whereas above
them CP-violation could be stated at 95% C.L. As in
Figs. 7 and 8, the left panel depicts the results for three
liquid argon detectors and in the right panel, those for the
case of three water-Cerenkov detectors are plotted. In each
panel it is also shown what would be the result if there was
no second detector and all data was collected by the
proposed NOvA far detector (upper black curve). As an
indication, we have only shown the results for the first
quadrant of o 10 From the figure we see that for values of
sin265 < 0.04 the sensitivity to CP-violation decreases
quite fast, which is related to the fact that the mass hier-
archy cannot be resolved for a larger range of values of 6.
Nevertheless, it is evident from the figure that if 85 is large
enough, by using the proposed configuration, C P-violation
could be established, e.g, for the modest case of a 15 kton

'The exclusion lines are symmetric in & in the vacuum case.
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FIG. 7 (color online).
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The fraction of values of & as a function of sin?26 5 for which the resolution of the neutrino mass hierarchy at

95% C.L. is achieved, assuming that Nature has chosen Am3, to be positive but the analysis of the data is performed with the opposite
sign. The number of protons on target per year is 6.5 X 10%° and the statistics considered here consists of 9 yrs of neutrino running plus
5 yrs of antineutrino running for the far detector and 6 yrs of neutrino running plus 2 yrs of antineutrino running for the near site (Scl).
The total number of years of running would be 14. The lower solid black line corresponds to the case of the proposed NOvA far
detector alone. (a) For liquid argon detectors in the near site: 15 kton (upper solid magenta line), 30 kton (dotted magenta line) and
50 kton (dashed magenta line). (b) For water-Cerenkov detectors at the near site: 25 kton (upper solid blue line), 50 kton (dotted blue

line) and 100 kton (dashed blue line).

liquid argon second detector if the true 6 = 45° and
Sin22013 = 0.04.

Finally, let us comment that throughout this work we are
assuming maximal mixing in the atmospheric sector. If this
turns out not to be the true solution, another degeneracy
would show up due to the inability to distinguish the octant
where the mixing angle 6,3 lies. This is due to the fact that
current atmospheric and long-baseline neutrino experi-
ments are sensitive to sin’26,3, but not to sin*6,3. This
degeneracy can be broken by future atmospheric neutrino
experiments [83] or by neutrino factories making use of
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FIG. 8 (color online).

both golden and silver channels [30,59]. We expect this
degeneracy not to change substantially our conclusions
with respect to the determination of the type of neutrino
mass hierarchy, but we do expect a reduction in the sensi-
tivity to CP-violation. In any case, the study of this degen-
eracy is beyond the scope of this work.

Dependence on [Am3|

Throughout this work we have been assuming a fixed
value for [Am3,| = 2.40 X 1073 eV2. However, the value

0 95 % CL Hierarchy Resolution
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The same as Fig. 7 but for scenario II (SclI), with a proton driver. The number of protons on target per year in

the proton driver scenario is 25 X 10?°. We have considered 6 yrs of neutrino running and 4 yrs of antineutrino running in the proposed
NOvA far detector and 3 yrs of neutrino running and 1 yr of antineutrino running in the near detector. The total number of years of

running would be 10.
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FIG. 9 (color online).
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Sensitivity to the determination of CP-violation at 95% C.L. as a function of sin>26 5 for the first quadrant of

6. It is shown the minimum value of 6 at which the error at 95% C.L. reaches § = 0, and therefore the CP-violating case is
indistinguishable from the CP-conserving one, i.e, § = 0. (a) For liquid argon detectors: 15 kton (lower solid magenta line), 30 kton
(dotted magenta line) and 50 kton (dashed magenta line). (b) For water-Cerenkov detectors at the near site: 25 kton (lower solid blue
line), 50 kton (dotted blue line) and 100 kton (dashed blue line). Also depicted is the result if there was no second detector and all data
was collected by the proposed at NOvA far detector (upper solid black line).

of this parameter is known currently with a precision of
~30% at 90% C.L. [7,9]. In addition, from Eq. (2.2), we
can see that the value of the asymmetry increases mono-
tonically as the vacuum oscillation phase increases, and
therefore the asymmetry is larger for larger |[Am3,|. This
correspondingly means better sensitivity to the type of
mass hierarchy the larger the atmospheric mass square
difference is. Hence, although a precision at the level of
~5% 1is expected to be achieved by the time this experi-
ment could turn on [27,77], it is very important to inves-
tigate the effect of a different value for |Am3,| on the
results presented above.

We have performed such a study, in a similar way to
Ref. [61]. In Fig. 10 the sensitivity to the sign of Am%l is
presented  for  different values of |Am§]| =
(2.0; 2.4; 3.0) X 1073 eV2. We have assumed Scl with a
25 kton water-Cerenkov detector at 200 km. We depict the
fraction of & for which the type of neutrino mass hierarchy
can be determined as a function of sin’26,5, for three
different values of |Am3,|=2.0X 1073 eV? (dotted
line); 2.4 X 1073 eV? (solid line) and 3.0 X 1073 eV?
(dashed line). As anticipated, the larger the value of
|Am3,|, the better the sensitivity to sgn(Am3,). As for
comparison, for a value of [Am3,| = 2.0 X 1073 eV?, the
results are only slightly better than what is achieved with
just the far NOvA detector if [Am3;| = 2.4 X 1073 eV2.
Conversely, if [AmZ,| = 3.0 X 1073 eV?, the sensitivity is
at the level of that for [Am3,| = 2.4 X 1073 eV?* with 4
times more statistics, i.e., a 100 kton water-Cerenkov
detector instead. On the other hand, let us point out that
since the CHOOZ [17] bound is weaker for small values of
|Am3, |, the loss in range for 6,5 is not as large as one would
naively think from Fig. 10.

Hence, if future atmospheric and long-baseline experi-
ments determine that the actual value of |Am3, | happens to
be smaller than the one assumed for this work, a different
solution must be considered in order to achieve a compa-
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FIG. 10 (color online). Sensitivity to sgn(Am3,) for different
values of [AmZ;|=20X 1073 eV? (dotted line), 2.4 X
1073 eV? (solid line), and 3.0 X 1073 eV? (dashed line). We
have exploited the data from two off-axis detectors located at
200 km and 810 km by assuming Scl with a 25 kton water-
Cerenkov detector at the near site and the proposed NOvA
detector at the far site.
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rable sensitivity. A possible solution would be to adopt a
larger L/E, which could be accomplished either by con-
sidering longer baselines or larger off-axis distances, i.e.,
smaller energies. Another possibility would be to consider
running with the low-energy configuration of the NuMI
beam. Nevertheless, these modified experimental setups
would imply a reduction of the neutrino flux at the detec-
tors, which would require a detailed analysis to evaluate
their actual capabilities. On top of this, if 6,5 is very small
and IAmgll is also small, then the construction of the
proton driver and possibly a longer neutrino running would
be necessary.

V. COMPARING DIFFERENT LOCATIONS FOR
THE SECOND DETECTOR

In the previous section we have studied the capabilities
for determining the type of neutrino mass hierarchy and of
CP-violation by adding a second detector to the already
proposed far detector for the NOvA configuration. The
results obtained are for a Super-NOvA-like configuration
[61], that is with the second detector placed such that (the
peak energy) has the same L/E of the far detector. This
choice is based on the findings of Refs. [63,64] and the
study of Ref. [61], where it was shown that such a con-
figuration is specially sensitive to matter effects even with
only the neutrino run.

Interestingly, in the NOvA proposal [27], the possibility
to add a second detector is pointed out. The approach there
consists in placing the second detector at the second oscil-
lation maximum, where the matter effect is smaller by a
factor of 3 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 3 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 disen-
tangle the type of mass hierarchy from CP-violating ef-
fects. Therefore, a measurement using only a neutrino run
would not be as sensitive to the type of neutrino mass
spectrum as in the case of Super-NOvA and a running
also in the antineutrino mode would be needed in order to
achieve a comparable sensitivity. In addition, going to the
second oscillation maximum means going more off-axis,
and hence losing flux. In this case the loss in number of
events amounts to about a factor of 15 with respect to the
first detector.''

In Fig. 11, we compare these two possibilities for plac-
ing the second detector. For illustrative purposes, we have
assumed for this comparison the same type of detectors as

11Compare with the Super-NOvA case where in the second
detector the number of events is just about half that at the far
detector [61].
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FIG. 11 (color online). Comparison of the capabilities for
determining sgn(Am3,) for two different setups for the second
detector: at the same L/E as the far detector (thick lines) and at
the second oscillation maximum (thin lines). For illustrative
purposes, we have assumed two 50 kton liquid argon TPC
detectors, both at the far and at the near sites (see Ref. [61])
without proton driver. We have considered 5 yrs of neutrino
running (solid lines) and 5 yrs of neutrino plus 5 yrs of antineu-
trino running (dashed lines).

for Super-NOvA [61], i.e., two 50 kton liquid argon TPC.
The results depict the cases without proton driver, where
solid lines are for 5 yrs of neutrino running and dashed
lines are for 5 yrs of neutrino plus 5 yrs of antineutrino
running. As was anticipated above, the configuration for
which both detectors are located such that the vacuum
oscillation phase is the same (thick solid magenta 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 blue line). In order to
achieve comparable sensitivities for the determination of
the type of neutrino mass hierarchy, the antineutrino run is
necessary for the case of NOvA plus a second detector
located at the second oscillation maximum (thin dashed
blue line). On the other hand, in the case of Super-NOvA
the antineutrino information does not add any synergy, but
just statistics (thick dashed magenta line). Hence, it is
important to note that in order to determine sgn(Amy3,)
with the second detector at the same L/E, the antineutrino
run is not really needed.

As it is well known, provided sin’26,5 is in the range
accessible to conventional neutrino beams, the unique
contribution of the NuMI neutrino program, and, in par-
ticular, of the NOvA experiment [27], will be the resolu-
tion of the type of neutrino mass hierarchy. Thus, from the
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results presented in Fig. 11, we learn that the best approach
in case the second detector is needed would be the one
studied in Ref. [61] and throughout the present paper.

VI. CONCLUSIONS

Determining the type of neutrino mass hierarchy,
whether normal or inverted, constitutes one of the funda-
mental questions in neutrino physics. Future long-baseline
experiments aim at addressing this fundamental issue but
suffer typically from degeneracies with other
CP-conserving and CP-violating parameters, namely 63,
6 and 6,3. The presence of such degeneracies limits the
sensitivity to the type of hierarchy as well as to
CP-violation. Many studies focus on resolving such de-
generacies, e.g. by combining more than one experiment
[63—67,75], using more than one detector [53,57—-61], or
using information from atmospheric neutrino data [68].

In the present article, we follow the strategy delineated
in Ref. [61], in which the type of hierarchy is determined
free of degeneracies in only one neutrino experiment with
two off-axis detectors and by using the neutrino beam
alone. The off-axis configurations are chosen in such a
way that at the two detectors the ratio L/E is the same,
and so the vacuum oscillation phases. Comparing the
probabilities of neutrino conversion at the two distances,
the vacuum term (hence the dominant CP-violating one)
cancels out in the difference [61,64]. The normalized
difference D depends only on matter effects and its sign
is determined by the type of neutrino mass hierarchy.
CP-violating terms can give relevant contributions only
for small values of sin>26,5. This implies that the determi-
nation of the type of neutrino mass spectrum, exploiting
this method, suffers no degeneracies from other parame-
ters. In the Super-NOwA proposed configuration, two off-
axis 50 kton liquid argon detectors, one at a far site and one
at a shorter distance ~200 km, were used. Even if the
construction of small liquid argon detectors has proved to
be possible, it might be difficult to build the required large
liquid argon detectors on the NOvA timescale. Here we
have considered a more realistic proposal, in which at the
far site the NOvA currently proposed detector [27] is used.
The second detector should be added off-axis at about
200 km. We study both liquid argon and water-Cerenkov
techniques and different sizes for the detectors. Even if
establishing the type of hierarchy with this setup does not
require antineutrinos, here we consider both neutrino and
antineutrino running modes and we analyze the capabilities
of determining CP-violation as well.

We have proposed to sequence the experiment. In the
first phase, the experiment would have just the far off-axis
detector as in the NOvA proposal [27]. In the second
phase, the near off-axis detector is added at 200 km. We
have considered two different scenarios. In scenario I (Scl)
the experiment runs with the NuMI beam for 6 yrs as in the
NOvA proposal and then with a second off-axis detector
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6 yrs in the neutrino mode and 2 yrs with antineutrinos. In
scenario II (Scll) the beam is upgraded by the use of a
proton driver and the number of years of data taking with
both detectors is reduced to 3 yrs and 1 yr for neutrinos and
antineutrinos, respectively. We have performed an y?
analysis of the simulated data on the (sin?26,3, §) plane.
In Figs. 1-6, for different values of sin’26,5 and different
type and mass of detectors, we show the capabilities of
different experimental setups to measure sin’26,3, & and
determine the type of hierarchy. The values of 6 chosen are
those, within the considered sample, that give the worst
results, so they represent a quite pessimistic case. In par-
ticular, for each set of parameters, we depict the sensitivity
when each detector, far and near off-axis, is considered
alone, and we show how the degeneracies can be lifted
when the data at the two locations are combined.
Obviously, the smaller the value of sin’26,3, the larger
the required effective mass of the second detector. In
Figs. 7 and 8, we compare the reach of different choices
for the second detector, for Scl and Scll, respectively. We
depict the fraction of values of & as a function of sin®26,3
for which the type of hierarchy can be determined at 95%
C.L. For Scl, we see that adding a modest detector, such as
a 15 kton liquid argon or 25 kton water-Cerenkov detector,
would yield a substantial improvement with respect to the
performance with just the proposed NOvA detector. For
example, the fraction of 6 values is ~85% ( ~ 65%) at
sin26,5 = 0.1(0.06), while in the case of the NOvA con-
figuration alone such fraction decreases to ~40% ( ~
25%). The construction of a larger detector, such as a
100 kton water-Cerencov one, would have even a more
dramatic impact, raising the fraction of & to 100% for
sin’26,; = 0.075 and to 70% even for sin’26,5 = 0.04.
In Scll, the higher statistics would allow the determination
of sgn(Am3,), independently of 8, for sin®26,3 = 0.06
even for a small detector. More remarkable results would
be obtained for larger detectors or longer data-taking time.

Thanks to the years of antineutrino run, the discussed
experimental setup would also allow to search for
CP-violation. We show the sensitivity to CP-violation at
95% C.L. in Fig. 9 for different types of second off-axis
detector. Obviously, also in the case of CP-violation, the
sensitivity increases with statistics and improves greatly
with respect to the proposed NOvA experiment.

From our analysis it is clear that the choice of building
the second detector should be guided by the knowledge of
the value of sin?26,5, provided by NOvA itself and by
other experiments [22,26,28]. If sin?26,3 < 0.01-0.02, no
sensitivity on the type of mass spectrum could be reached
and the construction of a second detector would not im-
prove it significantly. On the contrary, if sin26,; = 0.02, a
sufficiently large second detector would guarantee the
determination of the type of hierarchy (almost) indepen-
dently of the value of 6. The actual type and mass of the
second off-axis detector should be chosen on the basis of
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the measured value of sin’f;5. As the sensitivity to
sgn(Am3,) depends also on the unknown value of 8, the
best strategy would be to build a detector for which the
determination of the type of hierarchy can be achieved for
a large fraction of values of the CP-violating phase, e.g.
60%—70%. In case we are lucky and Nature has chosen a
favorable value of &, the above discussed number of years
of data taking, if not less, would allow to answer this
question. Otherwise additional years of neutrino run would
be needed to resolve this issue.

In addition, as discussed in Ref. [61], the reach of this
experimental setup depends on the value of |Am3,|. In
Fig. 10 we also show the sensitivity to sgn(Am3,) for three
values of [AmZ,| = (2.0; 2.4; 3.0) X 1073 eV2. The sen-
sitivity decreases for lower values of |[Am3,| and larger
statistics might be required if |[Am3, | lies in the low side of
the presently allowed range [7,19], depending on the true
value of o.

On the other hand, in the recent NOvA proposal the
possibility of adding a second off-axis detector at the
second maximum has been considered. Let us notice that
the flux at the second location is greatly suppressed by the
large off-axis angle, though. In our proposal the reduction
in flux is not as dramatic as the second detector should be
located at a much shorter baseline, ~200 km. In Fig. 11,
we compare the capabilities of the two experimental setups
in determining the type of hierarchy. Considering 5 yrs of
only neutrino running, the Super-NOvA configuration dis-
cussed in Ref. [61] could resolve the neutrino mass order-
ing for any value of & for sin’26,3 = 0.04. The other
experimental setup, with the second detector at second
oscillation maximum, cannot fully lift the degeneracies
for sin?260,3 < 0.095. The reach of the two setups become
comparable only when additional 5 yrs of antineutrino
running are considered. Having in mind that the unique
contribution of the NOvA experiment is to determine the
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type of neutrino mass spectrum, we consider that the best
approach in case the second detector is needed would be
the one studied in Ref. [61] and throughout the present
paper.

In conclusion, following the strategy illustrated in
Ref. [61], we have studied different experimental setups
for a sequenced off-axis experiment which could achieve
considerably better sensitivity to the type of neutrino mass
hierarchy with respect to the proposed NOvA experiment.
The problem of degeneracies is weakened and for a suffi-
ciently large second off-axis detector completely solved.
The capabilities of measuring the value of the CP-violating
phase 6 have also been analyzed in detailed and have been
shown to be greatly improved. Let us stress again that, for
sin26,5 in the range accessible to conventional neutrino
beams, the main breakthrough of the NuMI neutrino pro-
gram, and, in particular, of the NOvA experiment [27], will
be the resolution of the type of neutrino mass hierarchy.
This goal should be achieved in the most efficient and fast
possible way. Here we have presented a very powerful
approach to this remarkable problem.
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