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Current long-baseline neutrino-oscillation experiments such as NOνA and T2K are mainly sensitive to
physics in the neighborhood of the first oscillation maximum of the νμ → νe oscillation probability.
The future Deep Underground Neutrino Experiment (DUNE) utilizes a wide-band beam tune optimized for
CP-violation sensitivity that fully covers the region of the first maxima and part of the second. In the
present study, we elucidate the role of second oscillation maximum in addressing issues pertaining to
unknowns in the standard three-flavor paradigm. We consider a new DUNE beam tune optimized for
coverage of the region of the second oscillation maxima which could be realized using proposed accelerator
upgrades that provide multimegawatts of power at proton energies of 8 GeV.We find that the addition of the
multimegawatt 8 GeV beam to DUNE wide-band running leads to modest improvement in sensitivity to
CP violation, mass hierarchy, and the octant of θ23 as well as the resolution of δ and the Jarlskog invariant.
Significant improvements to the DUNE neutrino energy resolution yield a much larger improvement in
performance. We conclude that the standard DUNE wide-band beam when coupled with excellent detector
resolution capabilities is sufficient to resolve δ to better than ∼12° for all values of δ in a decade of running.
For second maxima (8 GeV, 3 MW) beam running concurrently with the standard wide-band (80 GeV,
2.2 MW) beam for five of the 10 years, it is found that δ can be further resolved better than ∼10° for all
values of δ.
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I. INTRODUCTION

Pontecorvo’s original insight that neutrinos oscillate
among one another [1] has been confirmed by a variety
of neutrino-oscillation experiments involving a wide range
of energies and baselines. The idea of neutrino oscillations
among the three light active neutrino flavors has been
rewarded with a Nobel prize in 2015 [2]. The parameters
entering the neutrino-oscillation framework have been
measured to a fairly good precision (see the recent global
fit analyses [3,4]). The best-fit values and 3σ range of
neutrino mass and mixings deciphered from oscillation data
are given in Table I. Yet, there are some open questions in
the standard mass-induced oscillation framework. These
include the question of neutrino mass hierarchy (sign of

Δm2
31), the value of the CP-violating phase (δ) and

determining the correct octant of θ23. Furthermore, it is
desirable to improve the precision measurements of the
parameters entering the oscillation framework.
Determination of neutrino mass hierarchy (MH) would

allow us to get closer toward determining the underlying
structure of the neutrino mass matrix by being able to
discriminate between theoretical models giving rise to
neutrino masses [5]. Along with the CP-violating phase
δ, it impacts the effectiveness of the leptogenesis scenario
which can explain the matter-antimatter asymmetry of the
Universe [6].
The next-generation neutrino-oscillation experiments

would allow us to precisely determine the known param-
eters and determine the remaining unknowns in the
neutrino-oscillation formalism. The long-baseline neutrino
experiments are designed such that the desirable physics
outcome is achieved. Typically, the optimal combination is
for a value of baseline (L) and energy (E) for which Pμe has
its first peak. This is referred to as the first oscillation
maximum. Typically, for shorter baselines, the higher
oscillation maxima are unaccessible, as the energies at
which these occur are low and difficult to produce
experimentally. For longer baselines, it may be possible
to access the information from the second (and higher)
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oscillation maxima. At the second oscillation maximum,
one expects higher sensitivity to δ, as the size of the
δ-dependent interference term is a factor of ∼3 larger than
that at the first oscillation maximum.
A promising future experiment is the Deep Underground

Neutrino Experiment (DUNE). A high-purity muon neu-
trino beam will be produced at Fermilab and will travel
1300 km to a liquid argon (LAr) far detector placed at an
on-axis location at Sanford Underground Research Facility.
The primary aim of DUNE is to address the question of CP
violation and identify the neutrino mass hierarchy [7–9].
A wide-band neutrino beam originating from the Fermilab
proton complex is considered for DUNE. A systematic
evaluation of optimal baseline for discovery of CP viola-
tion, determination of the mass hierarchy, and resolution of
the θ23 octant in a long-baseline oscillation experiment was
carried out by Bass et al. [10], and it was concluded that,
for achieving unambiguous measurement of these para-
meters, one needed a baseline at least of the order of
1000 km. It was further shown from the asymmetry plot
that CP measurement was better achieved in the vicinity of
the second oscillation maximum irrespective of the mass
hierarchy, and results for sensitivities to standard three-
flavor oscillation parameters were presented. The authors
had considered two detector types—water Cherenkov and
LAr—and performed the study for the erstwhile Long
Baseline Neutrino Experiment (LBNE).
The idea of utilizing the second oscillation maximum in

neutrino experiments is not new. The prospect of using a
high-intensity low-energy neutrino beam using Project X
was studied in Ref. [11], and it was demonstrated that the
simultaneous operation of 8 and 60 GeV beams in con-
junction with a water Cherenkov detector allows for
sensitivity to νμ → νe oscillation at the second oscillation
maximum. The focus of the study was to attain high-
precision measurement of θ13 and δ. With the goal of
enhancing the mass hierarchy sensitivity, the authors of
Ref. [12] introduced a second detector at an off-axis
location (the same beam was used) and obtained marginal

improvement for certain values of δ in the worse half plane
of δ values. In Ref. [13], the idea of utilizing different
oscillation maxima was invoked in discussing the role and
interplay between appearance and disappearance channels
at long-baseline experiments for precision measurement of
δ and θ23. In Ref. [14], for the considered experimental
setup (Fermilab to Deep Underground Science and
Engineering Laboratory LBNE), it was concluded that
the second maximum plays only a marginal role due to
the experimental difficulties to obtain a statistically sig-
nificant and sufficiently background-free event sample at
low energies. The impact of improved neutrino energy
reconstruction capabilities at DUNE has been studied in
Ref. [15]. The European Spallation Source (ESS) neutrino
Super Beam (ESSνSB) facility in Europe utilizes the
second oscillation peak to maximize the discovery potential
to leptonic CP violation with the detector placed at
L ¼ 540 km. The L=E is such that the second oscillation
peak can naturally be exploited in order to measure
oscillation parameters [16–22]. Among other experiments,
the MuOn-decay MEdium baseline NeuTrino beam facility
(MOMENT) [23] proposal (L ¼ 150 km) has similar L=E
as the ESSνSB. The prospect of precision measurement of δ
at MOMENT has been studied in Ref. [24]. The Tokai-to-
Hyper-Kamiokande-to-Korea (T2HKK) [25] proposal, in
which the first and the second oscillation maxima are
measured with two detectors located at different sites, will
have the same L=E range. More recently, invisible neutrino
decay at ESSνSB has been explored in Ref. [26] and a
comparative analysis of T2HK, T2HKK, and ESSνSB in the
context of neutrino decay has been carried out in Ref. [27].
However, it should be noted that a comprehensive and

detailed assessment of the role of different oscillation
maxima for a long-baseline experiment such as DUNE
has not been addressed in the earlier work, and this is the
main motivation of the present study. In the present article,
we begin with a probability level analysis highlighting the
role of second oscillation maxima and its impact on the
current unknowns in neutrino-oscillation physics. We also

TABLE I. Standard oscillation parameters and their uncertainties used in our study. The values were taken from
the global fit analysis in Ref. [3]. If the 3σ upper and lower limit of a parameter is xu and xl, respectively, the 3σ
uncertainty is ðxu − xlÞ=ðxu þ xlÞ%. Note that NH stands for normal hierarchy and IH for inverted hierarchy.

Parameter Best-fit value 3σ range 3σ uncertainty

θ12 [°] 34.3 31.4–37.4 8.72
θ13 (NH) [°] 8.58 8.16–8.94 4.56
θ13 (IH) [°] 8.63 8.21–8.99 4.53
θ23 (NH) [°] 48.8 41.63–51.32 10.42
θ23 (IH) [°] 48.8 41.88–51.30 10.11
Δm2

21 [eV2] 7.5 × 10−5 ½6.94 − 8.14� × 10−5 8.0
Δm2

31 (NH) [eV2] þ2.56 × 10−3 ½2.46 − 2.65� × 10−3 3.72
Δm2

31 (IH) [eV2] −2.46 × 10−3 −½2.37 − 2.55� × 10−3 3.7
δ (NH) [rad] −0.8π ½−π; 0� ∪ ½0.8π; π� � � �
δ (IH) [rad] −0.46π ½−0.86π;−0.1π� � � �
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address the issue of extraction of intrinsic CP violation
using the two beams and show that the second oscillation
maximum helps in resolving the ambiguity in CP phase
measurement. We utilize optimal beam tunes to explore the
precise role of first and second oscillation maxima. The
standard beam tune used in almost all the studies connected
with DUNE sensitivities is derived from an 80 GeV proton
beam energy, and this iswell suited to study oscillations in the
vicinity of the first oscillation maximum. The wide-band
default DUNE beam also covers a portion of the region of the
second oscillation maxima. However, one needs a different
source to fully utilize the second oscillationmaximum—here,
we employ an 8 GeV beam as was proposed in previous
Project X studies [11] to harness the signal at second
oscillation maximum. We note that the Project X 8 GeV
multimegawatt beam could be realized by the proposed
Fermilab PIP-III accelerator upgrade option utilizing a
6–8 GeV pulsed superconducting rf (SRF) linac [28,29].
The PIP-III pulsed SRF linac could generate 4 MWof power
at 8 GeV, of which only a few hundred kilowatts would be
needed to increase the power from the Main Injector accel-
erator to∼2 MW at 80 GeV. Therefore, it may be possible to
utilize a Main Injector beam of ∼2 MW at 80 GeV simulta-
neously with an ∼3 MW at 8 GeV beam derived from the
SRF linac to generate neutrino beams for DUNE.

The present article is structured as follows. In Sec. II, we
describe the basic framework used in the present work. This
includes a review of electron neutrino appearance probability
in vacuum and in matter, oscillation maxima of Pμe, CP
asymmetry, MH asymmetry, and a description of an observ-
able for separation of intrinsic versus extrinsic contribution to
theCP phase. In Sec. III, we describe the experimental inputs
such as beam tunes used and detector details. Section IV is
devoted to a discussion at the level of event rates (with a
discussion on backgrounds) at DUNE using different beam
tunes. In Sec. VI, we present our main results for sensitivities
to CP, mass hierarchy, octant of θ23, resolution of δ, and 1σ
contours from a two-dimensional fit to θ23 and δ at the level
of χ2. We summarize our outcome in Sec. VII.

II. FRAMEWORK

Neutrino oscillations have their origin in the nonzero
neutrino masses and mixing among the neutrino flavors.
The standard paradigm of neutrino oscillations involves
three flavors of neutrinos which are superpositions of the
mass states carrying well-defined masses. The mixing
matrix (U) in the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) parametrization [30] is given by

U ≡ UPMNS ¼

0
B@

1 0 0

0 c23 s23
0 −s23 c23

1
CA
0
B@

c13 0 s13e−iδ

0 1 0

−s13eiδ 0 c13

1
CA
0
B@

c12 s12 0

−s12 c12 0

0 0 1

1
CA; ð1Þ

where sij ¼ sin θij, cij ¼ cos θij, and δ is the Dirac-type
CP phase. Additionally, if neutrinos are Majorana, there
can be two additional Majorana-type phases in the three-
flavor case. However, those Majorana phases play no role
in neutrino oscillations [31].
In a typical long-baseline experiment such as DUNE, at

the source, a high-purity beam of muon neutrinos (>90%
pure) is produced via pion and kaon decays. In principle, all
the oscillation channels νμ → νe (νe appearance), νμ → νμ
(νμ disappearance), and νμ → ντ (ντ appearance) should be
accessible at DUNE. However, with the standard beam tune
of the LBNF beam line, the νμ → ντ appearance channel
does not lead to sizable event samples [32], and it is not
possible to probe this channel. In recent studies, it has been
shown that higher-energy beam tunes may prove useful to
probe this channel [32–34]. However, here, we are con-
cerned with the standard beam tune at DUNE and the flux
relevant for the second maxima, so the channels considered
are the νe appearance channel and νμ disappearance
channel. In order to have a clear understanding of the role
of second oscillation maximum vis-à-vis the first oscillation
maximum in probing the current unknowns, we briefly
describe the main features of the oscillation probability for
the νμ → νe channel.

A. Brief review of Pμe in vacuum and in matter

For propagation of neutrinos through vacuum, Pv
μe can

be expressed as (see [35])

Pv
μe ≃ Pv

0 þ Pv
sin δ þ Pv

cos δ þ Pv
3; ð2Þ

where

Pv
0 ¼ sin2θ23sin22θ13sin2Δ31; ð3aÞ

Pv
sin δ ¼ sin δ cos θ13 sin 2θ12 sin 2θ13 sin 2θ23

× sin2Δ31 sinð2αΔ31Þ; ð3bÞ

Pv
cos δ ¼ cos δ cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 sinΔ31

× sinð2αΔ31Þ cosΔ31; ð3cÞ

Pv
3 ¼ cos2θ23sin22θ12sin2ðαΔ31Þ: ð3dÞ

Here, Δ31 ¼ Δm2
31L=4E and α ¼ Δm2

21=Δm2
31. E is the

neutrino energy in GeV, and L is the baseline in kilometers.
For antineutrinos, δ → −δ. Here, Pv

0 is the dominant term
[Eq. (3)]. TheCP phase dependence lies in two interference
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terms, Pv
sin δ and Pv

cos δ [see Eqs. (3b) and (3c)]. Pv
sin δ is the

CP-violating term, as it changes sign for antineutrinos,
while the Pv

cos δ is the CP-conserving term. It is clear that
both Δm2

21 and Δm2
31 are required to be nonzero in order to

extract any information about the CP phase. Pv
3 is a

relatively smaller term [Eq. (3d)].
In the presence of standard interactions with matter,

Eqs. (2) and (3) are no longer applicable, and it is tedious to
obtain approximate analytic expressions. It becomes imper-
ative to use certain approximations to derive an analytical
expression for Pm

μe. One typically uses constant density
approximation and also the fact that α and θ13 are small
parameters so that one can employ perturbation techniques
to obtain an expression (valid up to second order) for Pm

μe

(see [36–38]). Here again, we can write down the approxi-
mate expression for probability as a sum of four terms
which are modified in the presence of matter:

Pm
μe ≃ Pm

0 þ Pm
sin δ þ Pm

cos δ þ Pm
3 ; ð4Þ

where

Pm
0 ¼ sin2θ23

sin22θ13
ðÂ − 1Þ2 sin

2ððÂ − 1ÞΔ31Þ; ð5aÞ

Pm
sin δ ¼ α

sin δ cos θ13 sin 2θ12 sin 2θ13 sin 2θ23
Âð1 − ÂÞ

× sinðΔ31Þ sinðÂΔ31Þ sinðð1 − ÂÞΔ31Þ; ð5bÞ

Pm
cos δ ¼ α

cos δ cos θ13 sin 2θ12 sin 2θ13 sin 2θ23
Âð1 − ÂÞ

× cosðΔ31Þ sinðÂΔ31Þ sinðð1 − ÂÞΔ31Þ; ð5cÞ

Pm
3 ¼ α2

cos2 θ23 sin2 2θ12
Â2

sin2ðÂΔ31Þ; ð5dÞ

where Â ¼ A=Δm2
31, where A ¼ 2VE ¼ 2

ffiffiffi
2

p
GFneE ¼

2 × 0.76 × 10−4 × Ye × ½ρ=g cm−3� × ½E=GeV� eV2 is the
Wolfenstein term. GF is the Fermi constant, and ne is the
electron number density in Earth matter (ne ¼ NAvoYeρ,
where NAvo is the Avogadro number, Ye is the electron
fraction, and ρ is Earth matter density). For antineutrinos,
δ → −δ and A → −A. The above expression is valid only
when αΔ31 ≲ 1, which, in turn, means that the expression
would give reasonable results for E > 0.8 GeV for base-
lines below 8000 km [37].
Note that Pm

0 is the dominant term, as it is independent of
α [Eq. (5a)]. We note that the δ-dependent interference
terms [Eqs. (5b) and (5c)] are suppressed by the hierarchy
parameter α and the last term Pm

3 is proportional to
α2 [Eq. (5d)].

B. First and second oscillation maxima of Pμe

Since the leading term depends on Δ31, the physical
characteristics of an appearance experiment are therefore
determined by the baseline (L) and neutrino energy (E) at
which the mixing between the ν1 and ν3 states is maximal.
If we look at the leading oscillatory term of Pv

μe, we get
oscillation maxima at

Δm2
31L

4E
¼ ð2n − 1Þ π

2

L
E
¼ ð2n − 1Þ π

2

�
1

1.267

��
2.56 × 10−3 eV2

Δm2
31

�

⇒
L
E
≃ ð2n − 1Þ × 500

km
GeV

; ð6Þ

where n is an integer and n ¼ 1; 2;… stands for first,
second, … oscillation maxima occurring at L=E ≃
500; 1500;… km=GeV and so on. For a fixed baseline
of 1300 km, this would imply EI ≃ 2.6 GeV and EII ≃
0.87 GeV for first and second oscillation maxima, respec-
tively. It may be possible to observe the higher (n > 1)
oscillation maxima when the baselines are comparatively
longer (so that the energies at which higher maxima occur
are not too small). A useful observable to understand the
impact of CP phase on the oscillation probabilities
[Eqs. (3) and (5)] is the CP asymmetry [39], and in the
next subsection we examine the analytic expression for the
CP asymmetry in vacuum and in matter.

C. CP asymmetry in vacuum and in matter

The CP asymmetry is given by

ACP
μe ¼ PμeðδÞ − P̄μeðδÞ

PμeðδÞ þ P̄μeðδÞ
¼ ΔPCP

μeP
PCP
μe

: ð7Þ

Since CP asymmetry is a ratio of probabilities, the
systematic uncertainties mostly cancel out at the level of
event rates. In vacuum, the numerator is given by1

ΔPCP
μe ¼ 8J½sinð2αΔ31Þsin2ðΔ31Þ− sinð2Δ31Þsin2ðαΔ31Þ�

¼ 16sinδJr½sinðΔ31ÞsinðαΔ31Þsinð1−αÞΔ31�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
intrinsic

; ð8Þ

where

J ¼ ImðUl0jU⋆
ljU

⋆
lj0Ul0j0 Þ where l ≠ l0 and j ≠ j0

¼ sinθ12 cosθ12 sinθ23 cosθ23 sinθ13cos2θ13 sinδ

using U≡UPMNS ð9Þ

1Equation (8) is obtained by using the exact three-flavor
formula for Pμe in vacuum given in Ref. [40].
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is the Jarlskog factor [41,42]. As a consequence of the
orthogonality of any pair of different rows or columns of
the mixing matrix, this imaginary part on the right side of
Eq. (9) is unique and can differ at most by a sign. In
vacuum, therefore, if the CP phase δ is either 0 or π, the CP
asymmetry vanishes. However, matter effects can create a
fake CP asymmetry. In the case of matter, we have

ΔPCP
μe ≈sin2θ23sin22θ13ΘþΘ−|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

extrinsic

þ8αJr
sinðÂΔ31Þ

Â
½cosδΘ−cosΔ31þsinδΘþsinΔ31�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
intrinsic and extrinsic

;

ð10Þ

where Θ� ¼ sin½ðÂ − 1ÞΔ31�=ðÂ − 1Þ � sin½ðÂþ 1ÞΔ31�=
ðÂþ 1Þ and Jr ¼ J= sin δ. The presence of the first term
implies that one will have a nonvanishing contribution to
ΔPCP

μe due to the Mikheyev-Smirnov-Wolfenstein matter
effect [43,44], since Â → −Â for antineutrinos. From
Eq. (10), we note that the cos δ-dependent term is propor-
tional to cosΔ31. This implies that, at the location of
oscillation maxima (cosΔ31 ¼ 0), the cos δ term vanishes.
In Fig. 1, we plot the probability difference as a function

of δ for a fixed value of energy corresponding to first and
second oscillation maxima and a baseline of 1300 km (for
DUNE). The curves are plotted in vacuum and in matter
[see Eqs. (8) and (10)]. It should be noted that all figures are
obtained using the General Long Baseline Experiment
Simulator (GLoBES) software [45,46], which numerically
solves the full three-flavor neutrino propagation equations
with the preliminary reference Earth model (PREM) [47]
density profile of Earth for the values of neutrino para-
meters listed in Table I. The analytic expressions aid in our

understanding of the salient features of the considered
observables. The following comments are in order.

(i) From Eq. (8), we note that ΔPCP
μe ∝ sin δ in vacuum.

While there is a cos δ term in the presence of matter
[Eq. (10)], it vanishes (at the location of first and
second oscillation maxima as cosΔ31 → 0), and δ
dependence is via the sin δ term in matter as well.

(ii) ΔPCP
μe at EII > ΔPCP

μe at EI both in vacuum and in
matter. The largest difference occurs around
δ ¼ �90°. At δ ¼ −90°, in vacuum, ΔPCP

μe ≃
0.025 at EI; ΔPCP

μe ≃ 0.075 at EII. In matter (for

NH), ΔPCP
μe ≃ 0.07 at EI and ΔPCP

μe ≃ 0.088 at EII.
(iii) For CP-conserving values, i.e., δ ¼ 0° or 180°, in

vacuum ΔPCP
μe vanishes at EI and EII. But, in matter

(for NH), ΔPCP
μe ≠ 0 due to matter effects (pure

extrinsic) and, in fact, ΔPCP
μe ≃ 0.043 at EI and

ΔPCP
μe ≃ 0.017 at EII.

(iv) In general, when δ ≠ 0, the extrinsic effects com-
plicate the determination of the intrinsic CP phase.
As matter effects are more pronounced at EI than at
EII, the intrinsic versus extrinsic separation is harder
at EI than at EII.

(v) The main advantage of studies at the second maxi-
mum over the first maximum lies in our ability to
extract the intrinsic CP component better than that
with the first maximum. This is due to the fact that
CP asymmetry in vacuum is larger while the matter
effects are not as large.

In order to explore the features of the second oscillation
maximum versus the first oscillation maximum as a
function of E and L, we show oscillograms of CP
asymmetry in the plane of E and L in Fig. 2. The location
of first and second oscillation maxima in the plane of E and
L is depicted in the plots. For δ ¼ 0 (left panel), the CP

FIG. 1. ΔPCP
μe plotted in vacuum (solid lines) and in matter (dashed lines for NH and dotted lines for IH) as a function of δ for a fixed

baseline of 1300 km. EI ≃ 2.6 GeV and EII ≃ 0.87 GeV refer to the first (black lines) and second (red lines) oscillation maxima,
respectively.
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asymmetry at the second maximum is negligible, as
expected. However, matter effects play a crucial role at
the first oscillation maximum as can be seen for baselines
beyond L ≈ 1000 km, and the CP asymmetry grows with
L. For δ ¼ π=2 (right panel), one can see significant change
in the CP asymmetry at the second oscillation maximum—
this is due to the (maximal) intrinsic CP contribution. The
pattern of CP asymmetry in the neighborhood of the first
maximum is also modified due to the interplay between the
intrinsic and extrinsic effects. The CP asymmetry has
opposite sign (red) at the second maximum in comparison
to the CP asymmetry at the first maximum (blue). This is
consistent with Fig. 1 near δ ≃ π=2 for 1300 km.

D. Mass hierarchy asymmetry in vacuum
and in matter

The MH asymmetry is given by

AMH
μe ¼ PNH

μe − PIH
μe

PNH
μe þ PIH

μe
¼ ΔPMH

μeP
PMH
μe

: ð11Þ

In vacuum,

ΔPMH
μe ≈ 2Jr sinΔ31 sinΔ21 cosΔ31

× ðcos δ cosΔ21 − 8 sin δ sinΔ21Þ: ð12Þ

In matter,

ΔPMH
μe ≈sin2θ23sin22θ13ΘþΘ−

þ8αJr
sinðÂΔ31Þ

Â
½cosδΘþcosΔ31þsinδΘ−sinΔ31�;

ð13Þ

where Θ� ¼ sin½ðÂ − 1ÞΔ31�=ðÂ − 1Þ � sin½ðÂþ 1ÞΔ31�=
ðÂþ 1Þ as given before.
In Fig. 3, we show oscillograms for the MH asymmetry

for δ ¼ 0 in the plane of E and L for vacuum (left) and
matter (right). The ΔPMH

μe is expected to vanish at all nodes
(maxima and minima), since ΔPMH

μe ∝ cosΔ31 sinΔ31 in
vacuum [Eq. (12)]. This is independent of the value of

FIG. 2. Oscillogram of CP asymmetry in the plane of E and L for δ ¼ 0 and δ ¼ π=2.

FIG. 3. Oscillogram of MH asymmetry in the plane of E and L for δ ¼ 0 in vacuum (left) and matter (right).
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δ (Fig. 3, left panel). From the left panel in Fig. 3, we note
that the MH asymmetry is vanishingly small at both the
oscillation maxima. If we examine the right panel in Fig. 3,
at the first oscillation maximum, one expects large matter-
induced changes in probability in comparison to vacuum,
which aids the determination of the neutrino mass hierarchy
provided the baseline is long enough for matter effects to be
substantial.

E. Distinguishing between intrinsic
and extrinsic CP contribution

In the presence of matter, the CP asymmetry can be
expressed in terms of intrinsic and extrinsic CP factors [see
Eq. (10)]. The issue of separation of the intrinsic contri-
bution from the extrinsic contribution has been addressed in
Refs. [48,49], and a useful observable (matter contribution
gets approximately canceled) to disentangle the two con-
tributions was suggested. The observable is given by

δðΔPCP
μe Þ ¼ ΔPCP

μe ðδ ¼ π=2Þ − ΔPCP
μe ðδ ¼ 0Þ: ð14Þ

Using this observable, we next depict an oscillogram in the
plane of E and L to illustrate separation of the intrinsic
versus extrinsic CP contribution in Fig. 4. It is clear that the
second oscillation maximum allows for a clean extraction
of the intrinsic CP phase. This can be easily explained by
Fig. 1, from which we noted that matter influences the
probability at the first oscillation maximum far more than it
impacts the probability at the location of the second
oscillation maximum. This point and the fact that the
intrinsic CP asymmetry is larger at the second oscillation

maximum makes the second oscillation maximum the
preferred option for addressing the question of separating
the intrinsic contribution to the CP phase.
A closer examination of the features in both Figs. 2 and 3

reveals a key phenomenon that is often overlooked in
studies of theCP asymmetries in long-baseline oscillations.
Both the intrinsic and extrinsic CP asymmetries are largest
and changing the most rapidly not at the oscillation maxima
but in the region between the maxima—near the oscillation
minima. Experimentally, there are few events appearing
near oscillation minima, so long-baseline experiments are
typically designed to maximize the flux of neutrinos in the
region right at the first oscillation maxima—which also
occurs at the highest energies and, therefore, highest
interaction cross sections and appearance statistics. The
optimization of the DUNE experiment specifically targeted
optimizing the beam flux to fully cover the region of the
first oscillation maxima as well as the region in between EI

and EII using a genetic algorithm (GA) to optimize the
wide-band beam design to maximize the sensitivity to CP
violation. This optimized beam, with a decay pipe 195 m
long and 4 m in diameter, produces a muon neutrino flux
that is 20% greater than the nominal configuration at the
first oscillation maximum (between 1.5 and 4 GeV) and
53% greater at the second oscillation maximum (between
0.5 and 1.5 GeV) and reduces the antineutrino contami-
nation of the beam. As shown in the DUNE conceptual
design report [8], the GA optimization increased the flux
primarily in the region between EI and EII and significantly
reduced the flux in the region above the EI oscillation node
which contributes to backgrounds below EI. It is for this
reason that DUNE can reach the same sensitivities to the
three-flavor oscillation parameters using smaller mass
detectors compared to similar experiments with flux only
in the region around EI.
Our discussion, thus far, has been at the level of

probabilities, and, in order to obtain realistic quantitative
results, one needs to check the outcome at the level of event
rates. The following section covers the experimental details
used in our simulations.

III. EXPERIMENTAL INPUTS

A. Beam tunes used

The fluxes considered in the present work are plotted as a
function of energy in Fig. 5.

(i) LE flux.—The standard wide-band beam used in our
studies of DUNE is derived from a proton beam of
energy 80 GeV [8,50] coupled with a target and
focusing system design optimized using a GA for
maximal sensitivity to CP violation (CPV). By
virtue of its wide-band nature, the LE beam is also
sensitive to regions above and below the first
oscillation maximum and covers part of the region
of the second oscillation maximum. In the initial

FIG. 4. Oscillogram in the plane of E and L depicting
separation of the intrinsic CP contribution from the extrinsic
CP contribution.
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running period of DUNE—here, assumed to be
5 yr—the LE beam will operate at 1.1 MW of
power from the Fermilab accelerator complex after
the Proton Improvement Plan (PIP) II upgrades. A
further set of upgrades aimed at replacing the aging
8 GeV booster (PIP-III) [28] is planned during
DUNE operations which will double the power of
the LE beam to 2.2 MW at 80 GeV.

(ii) Second maxima flux.—The neutrino beam at the
second maxima is obtained using a 3 MW, 8 GeV
proton beam which could be generated by the PIP-III
SRF linac option [28]. The target and focusing
system design is assumed to be identical to the
LE beam system. If PIP-III is realized using the

pulsed SRF linac option, both the 2.2 MW 80 GeV
wide-band beam and the 8 GeV 3 MW beam could
potentially run simultaneously, which is what is
assumed in this study.

The beam line details for the two fluxes are listed in
Table II.

B. Detector details

The DUNE far detector (FD) is described in detail in
volume 4 [52] of the DUNE CDR. In our analysis, we have
assumed a LAr far detector of fiducial mass 40 kt situated at
a distance of 1300 km. We have combined both electron
neutrino appearance (νμ → νe) and muon neutrino disap-
pearance (νμ → νμ) channels, in both neutrino and anti-
neutrino mode. Details of the experimental configuration
and other parameters relevant for DUNE are given in
Table III.

IV. EVENT SPECTRUM AT DUNE

In order to simulate DUNE, we use the GLoBES package
[45,46] with the DUNE configuration file provided by the
Collaboration [51] as well as for a scenario with improved
energy reconstruction capabilities. We implement the
density profile of Earth as given by PREM [47]. We obtain
our results for the following two scenarios:

(i) the standard case using the available DUNE con-
figuration files [51] with the signal and background
smearing matrices obtained from a fast MC (2015
CDR) and

(ii) a case corresponding to improved energy
reconstruction capabilities; we implement this
by introducing an energy-dependentGaussian smear-
ing in GLoBES with a resolution of ΔE=E ¼
10%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞp

and 15%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞp

, respectively,
for the νe CC and νμ CC signal and backgrounds. The
NC and ντ backgrounds remain the same as in (i). We
note that, in the latest studies of DUNE performance
reported in the 2020 technical design report, the
average energy resolution of νe and νμ CC events
obtained using full simulation and reconstruction is
13% and 18%, respectively [53]. It is possible that

TABLE II. Beam line parameters assumed for the different design fluxes used in our sensitivity calculations [7,11,51]. The LBNF
neutrino beam line decay pipe length has been chosen to be 194 m.

Parameter LE (CPV-optimized design) Second maxima

Proton beam energy 80 GeV 8 GeV
Proton beam power 1.1 MW (PIP-II)/2.2 MW (PIP-III) 3 MW (PIP-III)
POT per year 1.47 × 1021=2.94 × 1021 40.1 × 1021

Focusing Two horns, GA optimized for CPV sensitivity (2015)
Horn current ∼300 kA ∼300 kA
Decay pipe length 194 m 200 m
Decay pipe diameter 4 m 4 m

GA → genetic algorithm

FIG. 5. The fluxes used in the present study. The low energy
(LE) flux corresponds to the CP optimized 80 GeV beam [as
discussed in the conceptual design report (CDR) [8] ], and the
second maxima flux is obtained from a Monte Carlo simulation
of an 8 GeV beam using the same target and focusing system
design as for the CDR 80 GeV optimized beam. The solid line
corresponds to the neutrino mode, while the dotted line corre-
sponds to the antineutrino mode. The fluxes are given in
neutrinos per GeV per m2 per proton-on-target (POT). Note
that, for equal average beam power, the number of total delivered
POTs for the 8 GeV beam will be 10 times larger than that of the
80 GeV beam.
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TABLE III. Details of the experimental configuration and other parameters relevant for DUNE.

S. No. Relevant parameter DUNE

1 Location USA
2 Status Under construction
3 Accelerator facility Fermilab
4 Beam power 1.1 MW at 80 GeV (PIP-II), 2.2 MW at 80 GeV (PIP-III)

3 MW at 8 GeV (PIP-III SRF linac option)
5 Expected POT/yr See Table II
6 Baseline length 1300 km
7 Off-axis angle 0°
8 Detector technology LAr
9 Fiducial mass 40 kt
10 Run times 5 yr with 80 GeV at 1.1 MW

þ5 yr with 80 GeV at 2.2 MW
þ5 yr with 8 GeV at 3 MW

11 Energy window (GeV) [0.125,18.0]
12 Energy bins 71
13 Energy resolution, σe Migration matrices based on fast MC (2015 CDR)
14 Normalization error νe∶2% (signal) νe∶5% (bkgd)

νμ∶5% (signal) νμ∶5% (bkgd)

TABLE IV. Total number of event rates for different beam tune combinations [the signal events for combination (c) when improved
energy reconstruction is taken into account are given in parentheses].

Beam options

νμ → νe ν̄μ → ν̄e νμ → νμ ν̄μ → ν̄μ

NH IH NH IH NH NH

(a) LE, 1.1 MWþ LE, 2.2 MW
Signal δ ¼ 0 3222 1759 859 1303 13415 6158
Signal δ ¼ π=2 2727 1481 928 1463
Signal δ ¼ −π=2 3784 2167 742 1130
Bkgd (ν̄e þ νe) CC 446 461 227 224
Bkgd (ν̄μ þ νμ) CC 6 6 4 3
Bkgd (ν̄τ þ ντ) CC 43 44 25 25 61 38
Bkgd NC 55 55 27 27 155 81
Bkgd νμ CC 1536
Bkgd ν̄μ CC 547

(b) Second maxima, 3 MW
Signal δ ¼ 0 208 121 40 82 1902 663
Signal δ ¼ π=2 178 93 45 85
Signal δ ¼ −π=2 292 175 30 58
Bkgd (ν̄e þ νe) CC 37 38 13 12
Bkgd (ν̄μ þ νμ) CC 1 1 1 1
Bkgd (ν̄τ þ ντ) CC 0 0 0 0 0 0
Bkgd NC 4 4 1 1 11 5
Bkgd νμ CC 27
Bkgd ν̄μ CC 8

(c) LE, 1.1 MWþ LE, 2.2 MWþ secondmaxima, 3 MW
Signal δ ¼ 0 3430 (3455) 1880 (1876) 899 (883) 1384 (1377) 15317 (15707) 6821 (6722)
Signal δ ¼ π=2 2904 (2922) 1574 (1561) 973 (958) 1548 (1541)
Signal δ ¼ −π=2 4076 (4123) 2342 (2348) 772 (754) 1188 (1176)
Bkgd (ν̄e þ νe) CC 483 499 239 236
Bkgd (ν̄μ þ νμ) CC 7 7 4 4
Bkgd (ν̄τ þ ντ) CC 43 44 25 25 61 38
Bkgd NC 59 59 28 28 166 86
Bkgd νμ CC 1563
Bkgd ν̄μ CC 555
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further improvements in reconstruction algorithms
could reach the performance we assumed above.

We consider the following beam and runtime
combinations:

(a) LE, 1.1 MWþ LE, 2.2 MW → run time of 5 yr in LE,
1.1 MWand 5 yr in LE, 2.2 MW distributed equally in
neutrino and antineutrino modes;

(b) second maxima, 3 MW → run time of 5 yr distributed
equally in neutrino and antineutrino modes;

(c) LE, 1.1 MWþ LE, 2.2 MWþ secondmaxima,
3 MW → run time of 5 yr in LE, 1.1 MW, 5 yr in
LE, 2.2 MW and 5 yr with second maxima, 3 MW
distributed equally in neutrino and antineutrino modes.
It is assumed the 8 GeV 3 MW beam option (second
maxima) runs concurrently with the 80 GeV 2.2 MW
(LE) default beam using the same focusing system.

Table IV lists the total signal and background events for the
three beam combinations mentioned above for the νe
appearance and νμ disappearance channels. In Table V,
we list the number of signal and total background events in
the region of the secondary oscillation nodes (second
maxima region and below) in the two beam options from
the Fermilab PIP-III upgrade—the 2.2 MW 80 GeV beam
and the 3 MW 8 GeV beam. The addition of running with
the 8 GeV 3 MWenhances the default DUNE event yield at
the secondary oscillation nodes by ∼50% − 60%.

TABLE V. Number of νμ → νe CC events and total background
in the region of the secondary oscillation nodes (0.125–1.5 GeV
reconstructed energy) from the PIP-III 80 GeV 2.2 MW and
8 GeV 3 MW beams (we have listed the events for improved
energy reconstruction in parentheses).

Beam options

νμ → νe

NH IH

(a) LE, 2.2 MW
Signal δ ¼ 0 373 (134) 219 (111)
Signal δ ¼ π=2 333 (115) 175 (105)
Signal δ ¼ −π=2 508 (181) 290 (169)
Bkgd 88 (65) 90 (65)

(b) Second maxima, 3 MW
Signal δ ¼ 0 120 (75) 77 (58)
Signal δ ¼ π=2 100 (55) 62 (51)
Signal δ ¼ −π=2 177 (110) 125 (107)
Bkgd 27 (21) 28 (21)

FIG. 6. Electron (anti)neutrino appearance event spectrum with a 40 kt DUNE far detector using DUNE configuration files [51] for the
beam combination (c): LE 1.1 MW beam, LE 2.2 MW beam, and second maxima 3 MW beam for different values of δ
(δ ¼ 0; π=2;−π=2). The run time of 15 yr is split equally among the three beams (5 yr each) and distributed evenly between neutrino and
antineutrino modes (2.5 yr þ 2.5 yr) for each beam tune. The event rates are stacked from below backgrounds. The total number of
events corresponding to a particular value of δ is mentioned in each panel.
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The event spectrum for option (c) is shown in
Figs. 6–9. Figures 6 and 7 correspond to νe appearance
events, while Figs. 8 and 9 show the νμ disappearance
events for the two scenarios. In general, one notes that
the events are peaked at the value of energy where the
flux is largest—for the 80 GeV LE beam, the events
peak around 2–3 GeV, while for the 8 GeV beam, it is

around 0.8–0.9 GeV. The δ dependence of the event
spectrum can be understood from the δ dependence of the
probabilities.
The signal for νe appearance is an excess of charged-

current (CC) νe and ν̄e interactions over the expected
background in the far detector. The background to νe
appearance is composed of

FIG. 7. The same as Fig. 6 with improved energy reconstruction capabilities shown using dotted lines.

FIG. 8. Muon (anti)neutrino disappearance event spectrum with a 40 kt DUNE far detector for the combination (c): LE 1.1 MW beam,
LE 2.2 MW beam, and second maxima 3 MW beam for δ ¼ 0. The run time is split equally among the three beams (5 yr each) and
distributed evenly between neutrino and antineutrino modes (2.5 yr þ 2.5 yr).
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(i) beam ðνe þ ν̄eÞ CC.—CC interactions of νe and ν̄e
intrinsic to the beam;

(ii) ðντ þ ν̄τÞ CC.—ντ and ν̄τ CC events in which the τ’s
decay leptonically into electrons or positrons.

(iii) ðνμ þ ν̄μÞ CC.—misidentified νμ and ν̄μ CC events;
(iv) NC.—neutral-current backgrounds.

It should be noted that, though NC and ντ backgrounds are
due to interactions of higher-energy neutrinos, they con-
tribute to backgrounds mainly at lower energies, which
impacts sensitivity to CP violation.

V. ANALYSIS PROCEDURE

To estimate the sensitivities of DUNE to CP violation,
MH, and the octant of θ23, we perform a standard χ2

analysis. Even though all results are produced numerically
with the help of the GLoBES software, in order to gain
insight, let us examine the analytical form of the χ2 relevant
for each of the mentioned unknowns.

A. Sensitivity to CP violation

Including only statistical effects, the χ2 for CP-violation
sensitivity for a given oscillation channel (say, νμ → νe) is
given by [40,54]

χ2 ≡min
δtest

Xx
i¼1

X
j¼ν;ν̄

½Ni;j
trueðδtrueÞ−Ni;j

testðδtest ¼ 0;πÞ�2
Ni;j

trueðδtrueÞ
; ð15Þ

where Ni;j
true and N

i;j
test are the number of true and test events

in the fi; jgth bin, respectively.2 The index i corresponds to
energy bins (i ¼ 1 → x), and the number of bins depends

upon the particular experiment under consideration. For
the case of DUNE, there are 64 bins of width 125 MeV in
0–8 GeV and seven unequal bins in 8–20 GeV. j is being
summed over the neutrino and antineutrino contribution. In
order to determine the χ2 that concerns the sensitivity to CP
violation, the test value of phase (δ) is assumed to be 0 or π
and the χ2 for any true value of phase (δ) in the full range of
½−π; π� is computed.
The characteristic double peak shape of the curves is

expected, since the sensitivity drops to zero at the
CP-conserving values while it is maximum at the maximal
CP-violating values (δ ¼ �π=2). The χ2 is computed as
given in Eq. (15) for a given set of true values by
minimizing over the test parameters, and this procedure
is repeated for all possible true values listed in Table I.
Some general remarks relevant for computation of χ2 for
this and other unknowns are in order. We have marginalized
over the standard oscillation parameters. It should be noted
that the total χ2 is a sum of contributions from the two
channels (νμ → νe and νμ → νμ).

B. Sensitivity to the MH

The determination of the MH is a measurement of a
binary value, namely, the sign of the difference of the
square of the masses of the 1 and 3 states. Therefore, there
can be only two possibilities for the true choice of hierarchy
(NH or IH), and one would like to decipher the sensitivity
of DUNE to figure out the correct MH.
In order to understand the features of the sensitivity plots

(considering the true hierarchy as NH or IH), we give a
statistical definition of χ2 as follows [56]:

χ2 ≡min
δtest

Xx
i¼1

X
j¼ν;ν̄

½Ni;j
NHðδtrueÞ − Ni;j

IHðδtestÞ�2
Ni;j

NHðδtrueÞ
; ð16Þ

FIG. 9. The same as Fig. 8 with improved energy reconstruction capabilities shown using dotted lines.

2Nσ ¼
ffiffiffiffiffiffiffiffi
Δχ2

p
. Δχ2 ¼ χ2 as we have not included any fluctu-

ations in simulated data. This is Pearson’s definition of χ2 [55].
For a large sample size, the other definition using log-likelihood
also yields similar results.
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where the true hierarchy is taken to be NH. Ni;j
NH and Ni;j

IH
are the number of NH and IH events in the fi; jgth bin,
respectively. The index i corresponds to energy bins
(i ¼ 1 → x), and the number of bins depends upon the
particular experiment under consideration. For the case of
DUNE, there are 64 bins of width 125 MeV in 0–8 GeVand
seven unequal bins in 8–20 GeV. j is being summed over
the neutrino and antineutrino contribution.
The χ2 is computed as given in Eq. (16) for a given set of

true values by minimizing over the test parameters, and this
procedure is repeated for all possible true values listed in
Table I. The shape of the sensitivity curves can be explained
using the analytic form of probabilities [54,56].

C. Sensitivity to the octant of θ23
It is important to determine the value of sin2 θ23 with

sufficient precision to determine the octant of θ23. A
combination of νe appearance (which is sensitive to
sin2 θ23) and νμ disappearance (sensitive to sin2 2θ23)
measurements would allow us to probe both maximal
mixing and the octant of θ23. The Δχ2 is defined as [8]

Δχ2octant ¼ jχ2θtest
23

>45° − χ2θtest
23

<45°j; ð17Þ

where the value of θ23 in the wrong octant is constrained
only to have a value within the wrong octant (i.e., it is
not required to have the same value of sin2 2θ23 as the
true value).

VI. RESULTS

One of the primary objectives of DUNE is to ascertain
whether CP is violated in the leptonic sector within the
context of the standard three-flavor mixing scenario. In
Fig. 10, we depict the CP-violation sensitivity as a function
of δ for different beam tune combinations. The largest
sensitivity to CP violation occurs at δ ¼ �π=2. This is
expected, because the difference between the event rates at
δ ¼ �π=2 (maximal CP-violating values) and δ ¼ 0 or π
(CP-conserving values) is the largest. The contribution
from the second maxima beam (brown curve) alone stays
below 3σ level for all values of the CP phase even with the
improved energy resolution. The contribution from LE
1.1 MWand LE 2.2 MW beam taken together is shown as a
black curve, and, for the considered exposure (5þ 5 yr),
the sensitivity lies above 3σ level for ∼74%ð78%Þ of the
possible values of δ for NH (IH). The combination LE
1.1 MWand LE 2.2 MW beam along with second maxima
beam (running concurrently with LE 2.2 MW) produces a
modest improvement in the sensitivity to CP violation near
the maximal CP-violating values. This holds irrespective
of the choice of hierarchy. We depict the same information
in Fig. 11 but as a function of the fraction of values of δ
that allow for discovery of CP violation at the correspond-
ing significance. We note that improved energy
reconstruction capabilities with better neutrino energy
resolution could lead to much better significance (as shown
by the dashed lines) especially in the neighborhood of
maximal CP-violating values.
In Fig. 12, we show sensitivity to the MH as a function

of δ. Here again, we get significantly better results for the

FIG. 10. Sensitivity to CP violation as a function of δ. The three curves correspond to (a) second maxima 3 MW beam (2.5 yr νþ
2.5 yr ν̄), (b) LE 1.1 MW beam ð2.5 yrνþ 2.5 yrν̄Þ þ LE 2.2 MW beam (2.5 yr νþ 2.5 yr ν̄), and (c) LE 1.1 MW beam ð2.5 yr νþ
2.5 yr ν̄Þ þ LE 2.2 MW beam ð2.5 yrνþ 2.5 yrν̄Þ þ secondmaxima 3 MW beam (2.5 yr νþ 2.5 yr ν̄). The solid lines (in this and the
following figures) depict the standard case with the DUNE configuration files [51], while the dashed lines depict the scenario with
improved neutrino energy resolution (Gaussian smearing).

PHYSICS PROSPECTS WITH THE SECOND OSCILLATION … PHYS. REV. D 103, 116003 (2021)

116003-13



LE beam running only as compared to the second maxima
beam, when taken in isolation. However, when we consider
the combination of beam tunes (LE 1.1 MW, LE 2.2 MW,
and second maxima), we notice a modest overall improve-
ment in the sensitivity to MH for all values of δ. With the
exposure considered, one can discern the MH definitively3

for the LE beam combination as well as for the combination
of LE with the second maxima. With better energy

reconstruction capabilities, we find that the MH can be
deciphered even better for all values of δ.
DUNE will not only address questions pertaining to CP

violation and neutrino MH, but also improve the precision
on key parameters (sin2 θ23 and the octant of θ23, δ,
sin2 2θ13, and Δm2

31) entering the oscillation framework.
It is crucial to determine the value of sin2 θ23 with sufficient
precision to determine the octant. The sensitivity of
determining the octant of θ23 as a function of the true
value of θ23 for different beam combinations is shown in
Fig. 13 for NH and IH. Adding the 8 GeV beam data to

FIG. 11. Sensitivity to CP violation as a function of the fraction of values of δ for which a given significance could be achieved for
different beam combinations and with improved neutrino energy resolution (Gaussian smearing).

FIG. 12. Sensitivity to the neutrino mass hierarchy as a function of δ for various beam combinations and with improved neutrino
energy resolution (Gaussian smearing).

3See [55,57] for a discussion on statistical methods in
estimation of the neutrino MH.
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80 GeV data at DUNE improves the sensitivity to resolution
of the θ23 octant degeneracy. The width of each curve is due
to the unknown CP phase and covers all possible true δ
values. The gray shaded regions indicate the current 1σ
bounds on the value of θ23 from a global fit [3]. In this fit,
muon neutrino disappearance contributes to the precision
on sin2 2θ23, while the electron neutrino appearance data
provides information on the θ23 octant. A 5σ determination
of the octant of θ23 will be possible for at least 90% of true
values of δ for 42.5° < θ23 < 49° for NH. Most of the

sensitivity comes from the LE data, because the second
maximum does not provide any added sensitivity to the
octant determination. We show the impact of improved
energy reconstruction capabilities on the octant of θ23 as
dashed lines.
Figure 14 shows the one-dimensional resolution on the

measurement of δ (see [13,58] for details) for the three
beam combinations considered: LE beam only 5 yr at
1.1 MWþ 5 yr at 2.2 MW; the 3 MW second maxima
beam only, and the 10 yr of DUNE running assuming the

FIG. 13. The significance with which DUNE can resolve the θ23 octant as a function of the true value of θ23 for different combinations
of beams and with improved neutrino energy resolution (Gaussian smearing). The shaded band around the curve represents the range in
sensitivity due to potential variations in the true value of δ. The gray shaded regions indicate the current 1σ bounds on the value of θ23
from a global fit.

FIG. 14. Resolution on the measurement of δ as a function of the true value of δ for various beam combinations and with improved
neutrino energy resolution (Gaussian smearing).
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3 MW second maxima beam runs concurrently with the
2.2 MWLE beam for five of the 10 years. Running with the
3 MW second maxima beam in conjunction with standard
LE beam running at DUNE leads to some improvement in δ
resolution for almost all true values of δ, irrespective of the
choice of hierarchy. Improved energy reconstruction capa-
bilities lead to significantly better δ resolution, especially
near the maximal CP-violating values. It is worth pointing
out that, with the considered beam combination and the
improved neutrino energy resolution, δ can be resolved

within 6°–10° for all values of δ. The resolution of the CP
phase at δ ¼ π=2 lies between ∼11.8° and 14.9° (∼8° and
9.6°) for nominal (improved) detector resolution. It can be
noted that the second maxima beam has a bigger impact
on δ resolution for the case of IH. At δ ¼ 0, we obtain
Δδ ∼ 5.9°–7.5°ð∼5.5°–7.1°Þ with nominal (improved)
detector resolution.
It is important to note that our inferences pertaining to

the CP-violating phase δ in neutrino oscillations depend on
the specific parameterization of the mixing matrix [Eq. (1)]

FIG. 15. Resolution on the measurement of the Jarlskog factor J as a function of the true value of J for various beam combinations and
with improved neutrino energy resolution (Gaussian smearing).

FIG. 16. 1σ contour plots from a two-dimensional fit for θ23 and δ for the different beam tune combinations with DUNE configuration
files (solid lines) and improved neutrino energy resolution (dashed lines). Fit results for various possible true values of δ ¼ 0, �π=2, π
are shown.
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and different parameterizations could result in a completely
different value of δ [59]. However, the Jarlskog factor is
independent of any parameterization or phase convention
and, hence, an invariant. The resolution on the measure-
ment of the Jarlskog invariant J is shown in Fig. 15.
Additional running with the second maxima beam using the
default neutrino energy smearing produces very modest
improvements to the resolution of J over all values. By
contrast, improvements in the neutrino energy resolution
produce significant improvements in ΔJ at values of J near
0.033. The combination of running in the second maxima
beam and improved energy resolution for 10 yr of DUNE
operation (assuming 8 GeV at 3 MW runs concurrently
with 80 GeVat 2.2 MW with the PIP-III SRF linac option)
could yield a resolution of 5 × 10−3 or better for all values
of J.
The 1σ contours from a two-dimensional fit to θ23 and δ

with external constraint on θ13 for the combinations
considered in the present work are shown in Fig. 16.
Improved energy reconstruction capabilities lead to shrink-
ing of these contours. Additionally, data from the LE and
second maxima beam place independent constraints on
other neutrino-oscillation parameters as well.

VII. CONCLUSION

The present study highlights the theoretical importance
of the second oscillation maximum in the νμ → νe oscil-
lation channel and its impact on addressing the current
unknowns in neutrino oscillations. The international accel-
erator-based long-baseline neutrino program aims to con-
strain the parameters of the mixing matrix (or find
deviations from the standard paradigm) through extremely
precise measurements of flavor oscillations with systematic
uncertainties well within the percent level. The idea of
exploring physics at the second (and higher) maxima of Pμe

in the context of various experiments is of paramount
importance, as it allows for a complete underpinning of the
standard three-flavor oscillation framework—particularly
the unknown CP-violating phase—since it allows us to
study a wide L=E range with fixed baseline experiments.
In recent times, there has been an upsurge in activity

relating to analyzing the role of the second oscillation
maximum in the context of ESSνSB (which covers the
second oscillation maximum using a 2 GeV 5 MW proton
linac as a neutrino source and a water Cherenkov detector
placed at ∼500 km away) and T2HKK both within and
beyond the standard three-flavor mixing paradigm [16–22,
26,27]. The prospect of precision measurement of δ at
MOMENT (L ¼ 150 km) has also been studied in
Refs. [23,24]. In addition, the T2HKK [25] proposal
measures the first and the second oscillation maxima with
two detectors located at different sites. Therefore, it is
timely to carry out a comprehensive study investigating the
role of the second oscillation maximum in the context
of DUNE.

The usefulness of observing the second oscillation
maximum can be understood in terms of an argument
based on CP asymmetries. In order to observe a signal for
CP violation in the leptonic sector, one needs to measure
the CP conjugate channels (νμ → νe and ν̄μ → ν̄e). The
interference term has the CP-violating parameter δ and
should be larger (ideally) compared to the other two terms
(solar and atmospheric). For the measured value of θ13, the
interference term is large compared to the other two terms.
The CP asymmetry is larger at the second oscillation
maximum, since ACP

μe ≃ 0.75 sin δ (at L=E≃1500km=GeV)
and ACP

μe ≃ 0.3 sin δ (at L=E ≃ 500 km=GeV). This implies
significantly higher sensitivity to observe CP violation.
Now, if neutrino energy is held fixed, the baseline has to be
about 3 times larger than that required for the first
oscillation maximum. But this leads to a reduction in
statistics by an order of magnitude. However, the other
potentially viable option is to use a very intense neutrino
beam from a multimegawatt proton beam. Our experimen-
tal setup comprises of LBNF/DUNE using a neutrino beam
covering the second maxima in conjunction with the
standard CP optimized wide-band beam currently under
design [8]. The neutrino beam at the second maxima is
generated using a 3 MW, 8 GeV proton beam which could
be realized by the PIP-III SRF linac option [28]. We note
that the default CP-optimized wide-band beam for DUNE
already covers a significant portion of the second oscil-
lation maximum and offers the capability of precision
measurement using the shape of the observed oscillation
over a wide range of L=E. The addition of the second
maxima beam running enhances the flux of neutrinos at the
second maxima without the penalty of the background feed
down from higher-energy neutrinos (in particular, the
backgrounds from NC and ντ).
In Table VI, we list the expected improvement in

sensitivity to the different unknowns with the beam and
run time combinations (a) and (c) mentioned in Sec. IV. We
summarize the main results of our sensitivity studies
contained in Figs. 10–16 as follows.

(i) Using the default DUNE configuration files [51] and
adding the second maxima beam running concur-
rently with the LE 2.2 MW beam (PIP-III SRF linac
option), we find a modest improvement in sensitivity
to CP violation, MH, and the octant of θ23 (see
Figs. 10–13). As can be seen from Fig. 14, the
considered beam combination leads to a modest
improvement in δ resolution of ∼1°–2° in the vicinity
of maximal CP-violating values (δ ¼ �π=2) for the
case of NH. For IH, we get slightly larger improve-
ment in δ resolution ∼3° at δ ¼ π=2.

(ii) Improved energy reconstruction capabilities lead to
significantly better sensitivities toCP violation, MH,
and the octant of θ23 (see Figs. 10–13) for values
of δ near maximal. The improved resolution of
δ from improved energy reconstruction significantly
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outperforms the gains from running in the second
maxima beam in the vicinity of maximal CP-violat-
ing values (see Fig. 14).

(iii) Figure 10 depicts the sensitivity to CP violation
as a function of δ. The CP-violation sensitivity at
δ ¼ π=2 approaches ∼6.9–9σ (∼8.9–10.8σ) for
nominal (improved) detector resolution.

(iv) Figure 11 shows the sensitivity to CP violation as a
function of the fraction of values of δ for which a
given significance could be achieved. The 3σ (5σ)
discovery of CP violation can be achieved for
∼74% − 80% (∼54% − 65%) values of theCP phase
for nominal detector resolution. With improved
energy reconstruction capabilities, 3σ (5σ) discovery
of CP violation can be achieved for ∼75% − 81%
(∼58% − 68%) values of the CP phase.

(v) Figure 12depicts the sensitivity toMHas a function of
δ.Wenote that, for δ ¼ π=2, the

ffiffiffiffiffiffiffiffi
Δχ2

p
corresponding

to the MH sensitivity lies within ∼15–26.9 (∼18.9–
29.3) for nominal (improved) detector resolution.

(vi) The sensitivity of determining the octant of θ23 as a
function of the true value of θ23 for different beam
combinations is shown in Fig. 13 for NH and IH. A
5σ determination of the octant of θ23 will be possible
for at least 90% of true values of δ for 42.5° < θ23 <
49° for NH. We note that, for θ23 ¼ 48.8°, the Δχ2
corresponding to the octant sensitivity lies within
∼30.8–33.2 (∼39–40.8) for nominal (improved)
detector resolution.

(vii) Oneof our key results pertains to the improvement in δ
resolution. It is shown in Fig. 14 that δ can be resolved
better than ∼10° for all values of δ with improved
energy resolution and additional running with the
secondmaxima beam. The resolution of theCP phase
at δ ¼ π=2 lies between ∼11.8° and 14.9° (∼8° and
9.6°) for nominal (improved) detector resolution. It
can be noted that the second maxima beam has a
bigger impact on δ resolution for the case of IH. At
δ ¼ 0, we obtainΔδ ∼ 5.9° − 7.5° ð∼5.5°–7.1°Þ with
nominal (improved) detector resolution.

(viii) We also deduce implications on the measurement of
the Jarlskog invariant J which is a parameterization-
independent quantity. The improvement on the
resolution on the Jarlskog invariant J as a function
of J due to improved energy resolution and additional
running in the second maxima beam is depicted in
Fig. 15. Additional running with the second maxima
beam using the default neutrino energy smearing
produces verymodest improvements to the resolution
of J over all values. By contrast, improvements in
the neutrino energy resolution produce significant
improvements in ΔJ at values of J near 0.033
(corresponding to δ ¼ π=2). ΔJ ≃ 3.6–4.5 × 10−3

(∼2.4–2.8 × 10−3) for nominal (improved) detector
resolution at δ ¼ π=2 irrespective of the hierarchy.
ΔJ ≃ 3.4–4.3 × 10−3 (∼3.2–4.1 × 10−3) for nominal
(improved) detector resolution at δ ¼ 0. The combi-
nation of running in the second maxima beam and

TABLE VI. Expected sensitivity to the different unknowns with the considered beam combinations (a) and (c) mentioned in Sec. IV.
We consider a run time of 5 yr in LE, 1.1 MWand 5 yr in LE, 2.2 MW distributed equally in neutrino and antineutrino modes for beam
option (a). We consider a run time of 5 yr in LE, 1.1 MW, 5 yr in LE, 2.2 MWand 5 yr with second maxima, 3 MW distributed equally in
neutrino and antineutrino modes for beam option (c). The numbers in parentheses correspond to the scenario with improved energy
reconstruction capabilities for the considered beam combinations.

Sensitivity to

(a) LE, 1.1 MWþ LE, 2.2 MW (c) LE, 1.1 MWþ LE, 2.2 MWþ secondmaxima, 3 MW

NH IH NH IH

(i) CP violation
[σ] at δ ¼ π=2 6.9 (8.9) 8.5 (9.9) 7.6 (9.9) 9.0 (10.8)

(ii) CP fraction
fð≥3σÞ 0.74 (0.75) 0.78 (0.79) 0.77 (0.78) 0.80 (0.81)
fð≥5σÞ 0.54 (0.58) 0.61 (0.64) 0.59 (0.63) 0.65 (0.68)

(iii) MH
½

ffiffiffiffiffiffiffiffi
Δχ2

p
� at δ ¼ π=2 15.0 (18.9) 25.6 (27.5) 17.0 (21.7) 26.9 (29.3)

(iv) Octant of θ23
½Δχ2� at θ23 ¼ 48.8° 30.8 (39.3) 31.8 (39.0) 33.2 (40.8) 32.8 (40.3)

(v) δ resolution
½°� at δ ¼ 0 7.5 (7.1) 6.5 (6.3) 6.7 (6.3) 5.9 (5.5)
½°� at δ ¼ π=2 13.3 (9) 14.9 (9.6) 11.8 (8) 11.9 (8)

(vi) J resolution
½×10−3� at J ¼ 0 4.3 (4.1) 3.7 (3.6) 3.9 (3.6) 3.4 (3.2)
½×10−3� at J ¼ 0.033 4.0 (2.7) 4.5 (2.8) 3.6 (2.4) 3.6 (2.4)
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improved energy resolution for 10 yr of DUNE
operation (assuming 8 GeV at 3 MW runs concur-
rently with 80 GeVat 2.2 MW with the PIP-III SRF
linac option) could yield a resolution of 5 × 10−3 or
better for all values of J.

(ix) Finally, we show the 1σ contours from a two-
dimensional fit to θ23 and δ for the beam tune
combinations considered in the present work (see
Fig. 16) both with DUNE configuration files [51]
and with improved energy reconstruction capabilities.

We conclude that the default wide-band CP-optimized
beam for DUNE already offers an excellent opportunity to
probe physics in the vicinity of the second oscillation
maxima. Improved neutrino energy resolution—coupled
with very low uncertainties on the energy reconstruction—
is needed to fully realize this opportunity. The improved
neutrino energy resolution could be achieved with further
improvements in LArTPC reconstruction based on the
latest DUNE studies and MicroBooNE data. The PIP-III
upgradewith a pulsed SRF linac offers the opportunity for a
multimegawatt 8 GeV beam to DUNE with flux covering
only the region of the second oscillation maxima, thus
providing an opportunity for increasing the flux at the
second maxima without the additional background from
feed down from higher-energy neutrinos. Such a beam,
running concurrently with the 2.2 MW 80 GeV beam from

PIP-III, can further improve sensitivity to the three-flavor
oscillation parameters, but we find the gain is modest.
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