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Abstract

Long-baseline neutrino oscillation experiments,which are among the largest
neutrino experiments in the world, have extensive physics programs to make
precision measurements of three-flavor oscillation parameters, search for
physics beyond the Standard Model, and study neutrinos from astrophysi-
cal sources. In this article, experimental considerations, including oscillation
phenomenology, detector and experiment design, and analysis strategies,
are described, with a focus on the three-flavor oscillation measurements.
Current and future experiments are discussed, and significant sources of
systematic uncertainty, along with mitigation strategies, are emphasized as
control of systematic uncertainty is critical for success in precise measure-
ment of long-baseline oscillation parameters. This article is structured as a
primer for those new to this area of experimental work.
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1. INTRODUCTION

Neutrino oscillation is the phenomenon whereby a neutrino created with a definite flavor (e.g.,
νe, νµ, ντ ) may be detected with a different flavor sometime later. Neutrino oscillation is accom-
modated in the Standard Model of particle physics by extending the model to include nonzero
neutrino masses along with some level of mixing between the neutrino flavor eigenstates and the
neutrino mass eigenstates, typically denoted ν1, ν2, and ν3.

Neutrino oscillations have been observed by a number of experiments using neutrinos pro-
duced by the Sun, by cosmic ray interactions in the atmosphere, by nuclear reactors, and by particle
accelerators. The phenomenon was first established definitively around 2000 (see the sidebar ti-
tled Nobel Prize). Global fits to world neutrino oscillation data, such as in Reference 1, provide a
comprehensive list of experimental inputs to our understanding of neutrino oscillation. Different
neutrino sources offer different neutrino energies, flavors, and propagation times that, when cou-
pled with various detector approaches, can offer very different views into the underlying structure
of neutrino masses and flavor mixing.

This article focuses on one common and flexible experimental configuration—namely, that
of long-baseline neutrino oscillation experiments. Long-baseline experiments provide access to
a particularly wide range of neutrino physics and are highly relevant at present given the most
pressing questions surrounding neutrino masses and mixings.
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NOBEL PRIZE

The 2015 Nobel Prize in Physics was awarded in recognition of the first definitive observations of neutrino oscilla-
tions by the Super-Kamiokande and SNO Collaborations (2–4), a discovery that established that neutrinos indeed
have mass. Super-Kamiokande observed a deficit of muon neutrinos produced in the atmosphere by cosmic ray in-
teractions relative to expectation. In their 1998 result (2), they compared the number of events coming from above
(thus directly from the atmosphere) and below (thus passing through the Earth, traveling a longer distance) and
were able to observe an oscillation signature. The solar neutrino problem—a deficit in electron neutrinos observed
relative to the number predicted by solar models—had been around since the Davis experiment at Homestake in the
1960s.Originally,many thought that the models were wrong.However, the SNO experiment (4) demonstrated that
the total number of neutrinos from the Sun matched expectations and that the deficit was specifically from electron
neutrinos, resolving the solar neutrino problem in favor of the oscillation hypothesis. Takaaki Kajita and Arthur B.
McDonald were recognized by the Nobel Committee for their leadership of these groundbreaking experiments,
which led the way for the highly active field of neutrino oscillation research that followed.

1.1. Oscillation Phenomenology

In the three-flavor neutrino paradigm, there are three neutrino mass eigenstates—ν1, ν2, and ν3—
with distinct, nonzero masses for at least two of the three, such that there are two mass splittings.
The mass states are distinct from the flavor eigenstates, which are labeled νe, νµ, and ντ based
on the charged lepton to which they couple in the charged-current (CC) weak interaction. The
flavor eigenstates can be expressed as linear combinations of the mass eigenstates and vice versa,
and the coefficients of these linear combinations form a mixing matrix called the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix (5, 6):νe

νµ

ντ

 =

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3


ν1

ν2

ν3

. 1.

This 3 × 3 matrix can be expressed in terms of three mixing angles [θ12 (∼33°), θ13 (∼9°), and θ23

(∼49°)] and a potentially CP-violating complex phase (δCP), which is currently unknown, though
current experiments are beginning to set limits on its value.The octant of θ23,which is the question
of whether the value of θ23 is exactly 45°, less than 45° (lower octant), or greater than 45° (upper
octant), is unknown and is of interest because it could point to a previously unknown symmetry.

The mass states are defined such that 1m2
21 is the smaller mass splitting (order 10−4 eV2) and

m2
2 > m2

1. The remaining mass splitting, 1m2
32, is of order 10−3, and its sign is unknown. The

condition 1m2
32 > 0 is referred to as normal ordering, while the condition 1m2

32 < 0 is called
inverted ordering.1 Figure 1 shows the fractional flavor content and possible orderings of the
neutrino mass states.

Neutrinos are created via weak interactions in definite flavor states. Oscillations occur as neu-
trinos travel through space because these initial flavor states are not eigenstates of theHamiltonian
that governs their propagation.The state thus evolves into an admixture of flavor states.The oscil-
lation probability—that is, the probability of observing a particular flavor change—depends on the

1Some authors use the term hierarchy rather than ordering, though this usage seems to be losing favor over
time. All the same, one will still find many references to mass hierarchy, normal hierarchy, and inverted
hierarchy in the literature.
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Figure 1

Fractional flavor content |Uαi|2 (α = e, µ, τ ) of the three mass eigenstates νi based on the current best-fit
values of the mixing angles. δCP is varied from 0 (bottom of each colored band) to 180° (top of each colored band)
for normal and inverted mass ordering on the left and right, respectively. The different colors correspond to
the νe (red), νµ (green), and ντ (blue) fractions. Figure inspired by Reference 7.

elements of the PMNS mixing matrix (or equivalently the mixing angles and the complex phase
δCP), on the differences between the squared masses of the mass eigenstates, and on the experi-
mental ratio L/E, where L is the distance traveled (the baseline) and E is the neutrino energy. In
a simplified scenario with only two neutrino types, or in practical scenarios where a two-neutrino
approximation can be applied, the oscillation probability takes on a straightforward form:

P(να→νβ ) = sin22θ sin2
(

1m2L
4E

)
, for α ̸= β. 2.

If E/L k |1m2|, then the oscillation probability is very small and no effect will be observed.
Similarly, if E/Lj |1m2|, many oscillations will occur between production and observation such
that the oscillation term averages to 1/2. This allows experimental control for accessing different
mixing parameters.Table 1 shows the characteristic values for L, E, and the corresponding values
of 1m2 to which they are most sensitive. As a result of these characteristics, θ12 and 1m2

21 are
historically referred to as the solar mixing parameters, and θ23 and1m2

32 are called the atmospheric
mixing parameters, because of the samples in which they were first measured.Note that in the case
of solar neutrino oscillations, the oscillation probability is significantly modified by matter effects
as the neutrinos travel through the dense and variable solar medium (8), and thus the expressions
in this article are not directly applicable. Recent measurements of θ13 are dominated by short-
baseline reactor experiments.

Table 1 Characteristic values of L and E for experiments performed using various neutrino
sources and the corresponding ranges of |1m2| to which they can be most sensitive to flavor
oscillations in vacuum

Source L (m) E (MeV) |1m2| (eV2)
Solar 1010 1 10−10

Atmospheric 104–107 102–105 10−1–10−4

Reactor
Short baseline 102–103 1 10−2–10−3

Long baseline 104–105 1 10−4–10−5

Accelerator
Short baseline 102 103–104 >0.1
Long baseline 105–106 103–104 10−2–10−3

Data from Reference 9.
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Long-baseline accelerator experiments are largely insensitive to the solar parameters but are
able to measure θ23, 1m2

32, θ13, and δCP in a single experiment if the baseline is long enough, with
sensitivity to θ13, δCP, and the θ23 octant coming from the νe appearance channel. Experimental re-
sults suggesting the possibility of anomalous oscillations at values of L/E that cannot be explained
by the three flavors described here have given rise to searches for sterile neutrinos (10): additional
neutrino states that interact with matter only via gravity but that mix with the known neutrino
states. Such searches are beyond the scope of this article, but long-baseline experiments do have
sensitivity to these and other new phenomena.

1.2. Oscillations at Long Baseline

The primary signal channels for long-baseline oscillation experiments, νµ CC interactions and
νe CC interactions, are identified using the flavor of the outgoing charged lepton. Because
accelerator-based neutrino beams are dominated by muon neutrinos, observations of νµ and νe

interactions are sometimes referred to as disappearance mode and appearance mode, respectively.
The third potential channel, ντ interactions from νµ→ντ oscillation, introduces a number of
unique experimental challenges due to the relatively high energy threshold for the ντ CC pro-
cess (stemming from the τ mass) and due to the difficulty in identifying the short-lived τ particle
in large neutrino detectors. Thus, the νµ→ντ oscillation channel is not discussed in this review
and also does not feature centrally in many long-baseline experiments. One notable exception is
the OPERA (Oscillation Project with Emulsion-Tracking Apparatus) experiment (11), which was
designed from the start to directly observe νµ→ντ oscillations.

The νµ→νe appearance probability for neutrinos traveling through a reasonably uniform
medium (e.g., Earth’s crust) is

P(νµ → νe ) ≃ sin2θ23 sin22θ13
sin2(131 − aL)
(131 − aL)2

12
31 3.

+ sin 2θ23 sin 2θ13 sin 2θ12
sin(131 − aL)
(131 − aL)

131
sin(aL)
(aL)

121 cos(131 + δCP )

+ cos2θ23 sin22θ12
sin2(aL)
(aL)2

12
21,

where 1ij = 1m2
ijL/4E, a = GFNe/

√
2, GF is the Fermi constant, Ne is the number density of

electrons in the medium, L is the baseline, and E is the neutrino energy. Both δCP and a switch
signs for the equivalent antineutrino oscillation probability, such that bothCP violation andmatter
effects give rise to a neutrino–antineutrino asymmetry. The size of the CP-violating effect can be
parameterized by the Jarlskog invariant (12):

JPMNS
CP ≡ 1

8
sin 2θ12 sin 2θ13 sin 2θ23 cos θ13 sin δCP. 4.

The matter effect occurs because neutrinos passing through matter experience coherent for-
ward scattering that modifies their propagation. Because νe particles can have both CC and
neutral-current (NC) interactions with the electrons in matter without a flavor change, while
νµ and ντ particles can have only NC flavor-preserving interactions with electrons, the effective
Hamiltonian is modified in a way that enhances the appearance probability for neutrinos and
suppresses it for antineutrinos in normal ordering; the opposite is true for inverted ordering. This
matter–antimatter asymmetry is degenerate with that produced by CP violation. The size of the
matter effect increases with energy, and thus the associated asymmetry increases in practice with
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Figure 2

Visualizations of P(νµ → νµ ) and P(νµ → νe ) as functions of neutrino energy for a baseline of 1,295 km.
(a) The two oscillation channels for a fixed set of oscillation parameters. (b) The νe appearance probability
under four different parameter scenarios, which vary between the two possibilities for neutrino mass
ordering (normal or inverted) and two choices for δCP (−π/2 or 0). The resulting variations in the oscillation
probability provide long-baseline experiments their sensitivity to these parameters. Abbreviations: IO,
inverted ordering; NO, normal ordering.

baseline; for baselines greater than about 1,000 km, the asymmetry from matter effects is greater
than that from maximal CP violation, allowing experimental disentanglement of the two effects.

Neutrino oscillation probabilities as a function of energy are illustrated in Figure 2 assuming
a DUNE-like2 experimental baseline (1,295 km) and setting the values of oscillation parameters
near the current global best fits.The νµ survival (νµ → νµ) probability varies from zero to onewhile
the νe appearance (νµ → νe) probability at the first oscillation maximum (rightmost peak in each
panel of Figure 2) is below 10%. The remainder of the probability is accounted for by νµ → ντ

oscillations. Experiments typically match their baseline and neutrino energy range to be sensitive
to the region around the first oscillation maximum. For typical νµ energies from conventional
neutrino beams (of order 1 GeV), the optimal baseline is of order hundreds of kilometers.

NC interactions are also studied at long-baseline experiments. In NC interactions, the incom-
ing neutrino scatters via exchange of a Z boson. The outgoing neutrino is undetected, and there is
no charged lepton by which to tag the incident neutrino’s flavor. For this reason, measurement of
NC interactions is not useful for studying specific flavor transitions. However, NCmeasurements
are sensitive to all three neutrino flavors, so the measured rates in both the near and far detectors
should be independent of all oscillation parameters. NC analyses can therefore be useful to search
for anomalous neutrino disappearance, as in References 13–15.

1.3. Experimental Considerations

Long-baseline neutrino oscillation experiments are designed to measure oscillation parameters
governing ν1ν3 and ν2ν3 mixing by observing νµ disappearance and νe and ντ appearance over
a baseline of hundreds of kilometers. These experiments make use of conventional accelerator-
based neutrino sources whose beams consist primarily of muon neutrinos or muon antineutrinos.
The energy of the beam is chosen to match an experiment’s baseline such that the far detector
(FD) is at or near the location of first maximum oscillation probability. In some experiments the

2DUNE is a future long-baseline experiment (see Section 2 for a description).
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FD is located slightly off-axis from the beam such that the neutrino energy spectrum at the FD
is relatively narrowly peaked near the optimum L/E, while other experiments choose to place
the FD on-axis to observe a broad range of energies and thus more of the oscillation period in
L/E. In addition to the large FD, these experiments include a near detector (ND) placed close to
the neutrino source. The ND provides vital control over systematic uncertainties by measuring
neutrino interactions at a location where oscillations are still negligible.

To accumulate sufficient statistics at the FD, given the small cross section for neutrino interac-
tions and the reduction in beam flux with increasing distance from the source, high-power beams
and massive detectors are required. More details about neutrino beams and fluxes are given in
Section 3. The FD for a long-baseline experiment must be many kilotons in mass at a minimum.
Until an experiment becomes limited by systematic errors, the sensitivity of the experiment scales
as the square root of exposure (the product of beam power, FD mass, and time).

The main signal modes are νµ CC and νe CC interactions, so the FD must be capable of dis-
tinguishing νµ from νe interactions by identifying the flavor of the outgoing lepton and must be
capable of measuring the energy of final-state particles to estimate, in turn, the incoming neu-
trino’s energy. NC interactions with a neutral pion in the final state can be misidentified as νe CC
interactions if the two gamma particles from π0 decay are mistaken for an electron, so detectors
must be able to resolve the two gammas and/or distinguish gammas from electrons. Resolving
details of the neutrino interaction final state can improve the neutrino energy estimate and, as de-
scribed in Section 4, can also reduce the impact of uncertainties in the neutrino interaction model.
More discussion of FDs is provided in Section 5.

NDs provide measurements of neutrino interactions before oscillations, which can be used to
form expectations for the rates and spectra of different neutrino flavors at the FD after oscillations
and, critically, to constrain systematic uncertainties related to neutrino flux, neutrino–nucleus in-
teraction cross sections, and detector effects, depending on the design and composition of theND.
Because the neutrino flux is large close to the source, NDs collect very large samples of neutrino
interactions and must be designed to make successful measurements in a higher-rate environment
than FDs.

Two distinct ND strategies have been used in experiments historically. In one approach, the
ND is designed to resemble the FD in form and function to the greatest extent possible, allow-
ing relatively direct mitigation of systematic uncertainties as the relevant cross sections, detector
effects, and analysis techniques are well matched between the detectors. In the other approach,
ND measurements are used to constrain more overtly the various sources of systematic uncer-
tainties, usually encapsulated in a detailed experimental model, by employing multiple detector
technologies with higher performance requirements than the FD. The ambitious physics goals of
next-generation experiments require ND designs that incorporate aspects of both approaches as
well as new ND techniques not previously used. More details about ND design and analyses are
provided in Section 6.

2. CURRENT AND FUTURE EXPERIMENTS

There are currently two operating accelerator-based, long-baseline neutrino oscillation experi-
ments: T2K (Tokai to Kamioka) (16) in Japan and NOvA (NuMI Off-axis νe Appearance) (17) in
the United States. These experiments have been taking data since 2009 and 2014, respectively, and
both plan to continue collecting data into the mid-2020s. Both measure νµ disappearance and νe

appearance in off-axis, narrow-band neutrino beams at baselines of 295 and 810 km, respectively.
As discussed in Section 5, the NOvA ND and FD are functionally identical segmented liquid
scintillator detectors, and T2K has a suite of detectors at its near site and uses the Super-K
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Figure 3

The best-fit (BF) values of sin2θ23 and δCP to NOvA and T2K data for the (a) normal neutrino mass
ordering and (b) inverted neutrino mass ordering. Figure adapted from Reference 17 (CC BY 4.0).

(Super-Kamiokande) water Cherenkov detector (WCD) as its FD. NOvA measures neutrinos
from the NuMI beam at Fermilab, while T2K measures neutrinos from the J-PARC beam.
Both experiments measure νe and ν̄e appearance and have published measurements of 1m2

32,
sin22θ23, and δCP. Figure 3 shows a comparison of the best-fit values for sin2θ23 and δCP for
the two experiments, using external data to constrain θ13. Both experiments slightly favor the
normal ordering. T2K data have a large asymmetry in νµ → νe versus ν̄µ → ν̄e, thus favoring
CP-violating values of δCP, while NOvA does not have this asymmetry, resulting in a slight tension
between the experiments (17). The NOvA and T2K Collaborations are pursuing joint fits to
their oscillation data to take direct advantage of their design complementarity (e.g., very different
balances of matter-induced and potential CP-violation-induced oscillation asymmetries) while
also understanding and incorporating joint systematic uncertainty treatments where required.
The experiments plan to release a first joint fit to their combined data in the coming year.

Both Fermilab and J-PARC/Kamioka plan to host next-generation neutrino experiments with
the goal of definitively addressing the open questions in neutrino oscillations. The current gener-
ation of long-baseline oscillation experiments is statistically limited; next-generation experiments
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Table 2 Summary of experimental details for current and future long-baseline neutrino oscillation experiments

Location Beam Baseline Near detector Far detector
T2K Japan (Tokai to

Kamioka)
J-PARC 500 kW

(upgrade to
1.3 MW)

295 km Suite of detectors, on- and
off-axis

Water Cherenkov, 22.5 kt
fiducial, off-axis

NOvA United States
(Fermilab to Ash
River, Minnesota)

NuMI 850 kW 810 km Segmented liquid
scintillator, off-axis

Segmented liquid
scintillator, 14 kt active,
off-axis

Hyper-K Japan (Tokai to
Kamioka)

J-PARC 1.3 MW 295 km Suite of detectors, on- and
off-axis

Water Cherenkov, 187 kt
fiducial, off-axis

DUNE United States
(Fermilab to Lead,
South Dakota)

LBNF 1.2 MW
(upgrade to
2.4 MW)

1,285 km Liquid argon time
projection chamber plus
suite of detectors, on-axis,
movable off-axis

Liquid argon time
projection chamber,
40 kt fiducial, on-axis

will need to significantly increase the size of FD samples and improve constraints of systematic
uncertainties to take advantage of the increased statistics. DUNE (Deep Underground Neutrino
Experiment) (18–20) is the next step in the evolution of the Fermilab program, and Hyper-K
(Hyper-Kamiokande) (21, 22) builds on the highly successful Super-K and T2K experiments.
Hyper-K will use a 1.3-MW upgraded beam from J-PARC and proven WCD technology to
rapidly accumulate the statistics necessary for precision measurements. DUNE is designed as a
precision experiment, viewing a new broadband neutrino beamwith a liquid argon time projection
chamber (LArTPC) FD, which allows precision imaging of all final-state particles. Both exper-
iments plan to use an ensemble of off-axis ND measurements to reduce systematic uncertainty
from neutrino interaction modeling, as described in Section 7. References 18 and 22 provide the
most up-to-date evaluations of expected experimental sensitivity for DUNE and Hyper-K.

The basic experimental details of these experiments are summarized in Table 2. While the
focus of this article is to describe general principles of long-baseline experimental techniques, in
many cases it is illustrative to discuss specific examples from current and future experiments. For
this reason, additional details of the design and analyses for each of these experiments are included
in the following sections.

3. NEUTRINO BEAMS

Conventional neutrino beams are produced using protons from an accelerator complex that
impinge on a target to produce secondary hadrons that are then focused into a nearly parallel
beam using magnetic focusing horns. The focused hadrons, primarily charged pions, decay into
final states that include muon neutrinos (e.g., π+ → µ+νµ) and form a beam of neutrinos with
an energy spectrum determined primarily by the kinematics of the focused hadrons and their
decays. The sign of the current in the electromagnetic horns determines whether positive or
negative particles are focused and, thus, whether the beam is predominantly composed of neu-
trinos or antineutrinos; for this reason, neutrino mode is sometimes referred to as forward horn
current (FHC) mode and antineutrino mode as reverse horn current (RHC) mode. As a result of
neutrinos from imperfectly focused or unfocused particles and from less common decay modes,
the beam will contain some wrong-sign contamination (e.g., neutrinos in antineutrino mode) as
well as an intrinsic νe component. The intrinsic νe component is an irreducible background to
νe appearance in long-baseline experiments and is typically at the percent level. The wrong-sign
component is larger in antineutrino mode than in neutrino mode because the focused mesons
are produced from a positively charged initial state (proton collisions with the target), and thus
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positively charged particles are more abundant than negatively charged particles. Optimization
of the neutrino beam design can minimize both of these impurities in the beam, but they cannot
be eliminated entirely using a horn-focused system.

For a given beam configuration, the number of neutrinos produced during a run period is di-
rectly tied to the number of protons delivered to the production target. Therefore, it is common
for beam facilities and experiments to report their protons-on-target (POT) count. The instanta-
neous rate of protons can also be cast in terms of the proton beam’s power, and thus this power
is often reported as well. The horn-focused neutrino beams currently in use for long-baseline
experiments are the NuMI beam at Fermilab (23) and the T2K experiment’s neutrino beam to
Kamioka from J-PARC (24). The NuMI beam has approached 900-kW power, and as of late 2022
the complex has delivered 3.9 × 1021 POT to the NOvA experiment, plus additional protons dur-
ing prior experimental operators. Two-thirds of this NOvA running has so far been in neutrino
(FHC) mode. The J-PARC beam has ramped up to approximately 500 kW so far and has also
delivered 3.9 × 1021 POT for the T2K experiment, 56% of which has been in neutrino mode.
The beam is going to be gradually upgraded up to 1.3 MW for the start of the future experiment
in Japan, Hyper-K.

DUNE in the United States will depend on the construction of the initial phase of the LBNF
(Long-Baseline Neutrino Facility) neutrino beamline at Fermilab (25). J-PARC and LBNF Phase
I have planned proton beam powers of 1.3 and 1.2 MW, respectively. A beam power upgrade of
the LBNF beamline from 1.2 to 2.4 MW in the second phase of DUNE is also planned.

For a detector placed directly downstream along the beam axis, a broad range of neutrino en-
ergies, proportional to the energies of the decaying pions, will be observed. A detector placed
somewhat off-axis from the beam, in contrast, will observe neutrinos in a narrower range of en-
ergies since the higher the parent pion energy is, the lower the neutrino energy is along a given
off-axis trajectory from the decay (see Figure 4). The off-axis angle also has a small impact on the
flavor content of the beam.

Some experiments, such as MINOS (Main Injector Neutrino Oscillation Search) and DUNE,
have chosen to place their detectors on-axis to maximize the neutrino flux and observe a broad
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Figure 4

(a) Neutrino energy as a function of parent pion energy for different angles off-axis from the beam. Panel adapted with permission from
Reference 26. (b) Predicted composition of the NuMI beam at the NOvA near detector with the horns focusing on positively charged
hadrons (note the logarithmic vertical scale). The muon neutrino flux peaks at 1.9 GeV. Abbreviation: POT, protons on target. Panel
adapted from Reference 27 (CC BY 4.0).
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range of neutrino energies. This allows for measurements of neutrino oscillations across a full
oscillation period or more, explicitly mapping out the oscillation behavior and allowing for checks
of consistency with expectations from three-flavor oscillations. For other experiments, a choice of
off-axis angle is made such that the observed neutrinos will peak at a desired energy with minimal
background contributions from misreconstructed events feeding down from higher energies. In
NOvA andT2K, the off-axis angle (0.8 and 2.5°, respectively) has been chosen to closelymatch the
first oscillation maximum, enhancing the observable appearance and disappearance effects. The
DUNE and Hyper-K Collaborations plan to further exploit this feature of neutrino beams by
making NDmeasurements at multiple off-axis angles to better constrain systematic uncertainties;
this technique is called PRISM (precision reaction-independent spectrum measurement) and is
discussed further in Section 7.

Uncertainties in the prediction of the neutrino flux relate to the production of the secondary
hadrons (hadron species, rates, and momenta) and to the details of the neutrino beamline such
as the horn or other beamline elements’ alignment and positioning. The hadron production
uncertainties are typically larger than the beamline uncertainties. However, in long-baseline ex-
periments, where the near-to-far flux ratio is more important than the absolute flux, focusing
uncertainties may be the dominant source of flux-related uncertainty in measuring oscillation
parameters. The total a priori flux uncertainty is typically around 10%.

Measurements of neutrino interactions in a detector are influenced by both the flux and cross
sections, and it can be difficult to study either of these independently of the other in situ with,
for instance, an experiment’s ND data. However, there are several techniques that help. Fully
leptonic neutrino interactions, such as neutrino–electron elastic scattering (νe → νe), have cross
sections that can be precisely calculated because they involve only weak interactions of funda-
mental leptons, so the neutrino flux can be measured without significant uncertainty from the
cross section. For νe scattering events, the signal is a single, very forward-going electron with
primary backgrounds coming from νe CC interactions or misidentified neutral pion decays. The
MINERvA (Main Injector Neutrino Experiment to Study ν-A Interactions) experiment has used
this technique to reduce the total uncertainty on the NuMI νµ flux from 9% to 6% (28).Given the
relatively low cross section for νe scattering, theMINERvAmeasurement was statistically limited;
in DUNE, this sample could be used to reduce the νµ flux uncertainty in the peak of the LBNF
beam to 1–3% (29).

In another approach, neutrino-on-nucleus scattering events with very low energy transfer ν are
selected.3 For such low-ν events, the interaction cross section is nearly constant across neutrino
energy, and thus the shape of the neutrino energy spectrum can be determined (30–32).The low-ν
method has been used recently in the MINERvA experiment to constrain uncertainties on flux
shape in the NuMI beam to well below the normalization uncertainties (33). Additionally, the
high-energy part of the νµ spectrum is dominated by kaon decays, and this portion of the spectrum
may be used to constrain the kaon component of the beam (34).

4. NEUTRINO–NUCLEUS INTERACTIONS

In long-baseline oscillation experiments with neutrino energies from ∼0.1 to ∼10 GeV, a variety
of neutrino interaction channels may be relevant. CC channels are particularly important because
they include the final-state charged leptons that are required for flavor tagging, and thus they
allow for reasonably complete neutrino energy estimation. In contrast, NC channels leave

3Lowercase nu (ν) is the symbol most commonly used for this energy transfer. Note that the same symbol is
used to refer to neutrinos.
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no flavor information behind and typically have significant missing energy since the final-state
neutrino exits the detector invisibly. Thus,NC channels are a source of backgrounds in oscillation
measurements that must be removed through careful event selections, although these events do
have other experimental uses (e.g., providing particles for detector calibration or allowing for
certain new physics searches).

CC interactions in long-baseline experiments are often discussed and simulated in four cate-
gories: In quasielastic (QE) scattering, the outgoing particles are the charged lepton and a single
nucleon; in meson exchange current (MEC) interactions, momentum is transferred to a quasi-
bound dinucleon within the nucleus, resulting in typically two ejected nucleons; in resonant
scattering (RES), the struck nucleon becomes excited into a resonant baryon state, which then
decays typically into a nucleon and a pion; and in deep inelastic scattering (DIS), the neutrino
momentum is high enough to resolve and to scatter off partons within the nuclei, leading typically
to multihadron final states. Coherent interactions, wherein the entire nucleus recoils coherently,
are also present but at much lower rates than the above at these energies. Figure 5 shows the
neutrino and antineutrino cross sections as a function of neutrino energy for QE, RES, and DIS
channels. There remains significant uncertainty on the MEC component, and modern oscilla-
tion data analyses still constrain the MEC component empirically and with significant systematic
uncertainties.

The initial state of the struck nucleon is affected by its nuclear environment. Fermi motion
within the nucleus or, more generally, all the intranuclear interactions influence the final observed
state. Additionally, the particles leaving the primary interaction have to travel out of the nuclear
medium, and so-called final-state interactions can occur during this period, modifying the mo-
menta or particle content of the final state. Both of these nuclear complications are significant and
must be included in a complete description of neutrino scattering in long-baseline experiments.

Like most particle physics data analyses, long-baseline oscillation analyses use detailed simula-
tions of relevant particle processes and detector elements to develop analysis algorithms and form
predictions for experimental observables.The simulation chain used in these neutrino experiments
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Figure 5

Total (a) neutrino and (b) antineutrino per nucleon charged-current cross sections for an isoscalar target divided by neutrino energy and
plotted as a function of energy. Also shown are the various contributing processes. These contributions include quasielastic (QE)
scattering (dashed lines), resonant scattering (RES; dotted–dashed lines), and deep inelastic scattering (DIS; dotted lines). Example
predictions for each are provided by the Nuance generator (35). See Reference 36 for detailed explanations of the data sets represented
in this figure. Figure adapted with permission from Reference 36.
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includes a detailed model of neutrino interactions, following the general picture above. Neu-
trino event generators such as Genie (37), Gibuu (38), Neut (39), and NuWro (40) attempt to
implement as full a description of neutrino–nucleus interactions as possible by combining the rel-
evant processes into a cohesive model and tuning the parameters to best fit existing neutrino data.
References 9, 41, and 42 provide additional information on the current status of neutrino interac-
tionmeasurements andmodeling efforts.To date, nomodel adequately describes all neutrino scat-
tering data, a fact that reflects the complexity of neutrino-on-nucleus interactions. A complication
in tuning to data is that scaling from one target nucleus to another is nontrivial, and measurements
of neutrino interactions using detectors with different target nuclei are not directly comparable.

Typical a priori uncertainties in neutrino interaction models are 10–20%, and a large number
of model parameters are required. NDs are designed to constrain these uncertainties by making
high-statistics, high-precisionmeasurements of neutrino interactions that can be used to constrain
model parameters, to identify shortcomings of the model, or to provide data-driven predictions of
FD spectra to minimize model dependence directly. NDs are often designed with the same target
nucleus as the FD to eliminate uncertainty from differing target nuclei, but this is not always
possible for practical reasons. Exclusive final-state samples, such as a QE-like sample or samples
defined by the number of final-state pions, may be selected to separately constrain uncertainties
from individual components of the model. Samples of neutrino interactions taken at different
off-axis angles—and thus with different neutrino spectra as described in Section 3—may be used
to decouple interaction model and flux model uncertainties. Section 7 discusses the various ND
strategies in more detail. Even after significant uncertainty reduction using ND measurements,
neutrino interaction modeling is one of the leading sources of systematic uncertainties in long-
baseline oscillation experiments.

5. FAR DETECTORS

FDs must provide a large target mass to accumulate sufficient statistics for precision measure-
ments, and thus they must be reasonably cost-effective at large scales. They must be capable of
effectively reconstructing and selecting νe and νµ CC interactions and, thus, both muons and elec-
trons.Theymust accurately identify the vertex of the neutrino interaction to ensure a well-defined
fiducial volume. They must be able to measure the kinematics of the event well enough to infer
the energy of the incoming neutrino since oscillations depend on this quantity. Most FDs cannot
differentiate neutrinos from antineutrinos on an event-by-event basis (though some usable statis-
tical separation is often possible), so these experiments benefit from the purity of the neutrino and
antineutrino beams.

Detection and reconstruction strategies vary among experiments; major experimental pro-
grams may be based on ring-imaging WCDs (Super-K, Hyper-K), different types of scintillator
detectors (MINOS, NOvA), or LArTPCs (DUNE). In each case, the FDs are chosen to be well
matched to the details of the experiments, as discussed below. Figure 6 shows examples of how a
neutrino interaction looks in each type of detector.

5.1. Water Cherenkov Detectors

Ring-imaging WCDs work by observing the Cherenkov light produced when charged particles
move faster than the phase velocity of light in the medium. This light is emitted conically in a
well-defined way such that photosensors placed on the wall of a tank of water will record rings of
light from which the position, energy, and type of particle may be inferred.

Cherenkov light is emitted at an angle θ c = 1/βn, where n is the refractive index of the medium.
Time of flight to the photosensors provides information on the position and trajectory of the
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Figure 6

Typical νe interaction in the (a) Hyper-K water Cherenkov detector, (b) NOvA scintillator detector, and (c) MicroBooNE liquid argon
time projection chamber. In each of the event displays, the colors correspond to the amount of energy observed in the detector. Panel a
reproduced with permission from Reference 43. Panel b adapted with permission from Reference 44. Panel c adapted from
Reference 45 (CC BY 4.0).

particle within the water volume, and the spatial pattern of the ring provides information on
particle species and energy. These inferences are made using likelihood fits of various particle hy-
potheses to the observed light patterns. Muons and electrons produce distinctive ring shapes due
to the differences in their propagation: The long straight muon tracks produce sharp rings, and
the messy electromagnetic cascades from electrons lead to relatively fuzzy rings (see Figure 6a).
The Cherenkov threshold in Super-K is 0.73MeV for electrons and 150MeV for muons. Protons
produced by the T2K neutrino beam are usually below the Cherenkov threshold and are not
visible in the WCD. Because the hadronic side of the event is often unseen, the neutrino energy
is inferred from the momentum of the observed lepton under an assumption of a two-body QE
interaction off a stationary target, or a similar kinematic calculation for more complex final states.

WCDsmay be enhanced by loading the water with gadolinium to increase the cross section for
neutron capture. Neutron capture on gadolinium creates an 8-MeV cascade of γ -rays that allows
identification of events with neutrons in the final state. In 2020, gadolinium was added to Super-
K (46); while the primary motivation was for low-energy physics, adding gadolinium also enables
neutrino–antineutrino discrimination in the long-baseline neutrino oscillation analysis because
CC QE interactions have a proton in the final state for neutrinos and a neutron in the final state
for antineutrinos.

A WCD has the advantage of allowing instrumentation of extremely large volumes (masses).
Super-K has 50 kt of instrumented mass, and Hyper-K will be five times larger. For 40% photo-
coverage, typical of these detectors and sufficient for the long-baseline measurements described
here, Hyper-K will require approximately 40,000 photomultiplier tubes.

5.2. Tracking Calorimeter Detectors

Muons at long-baseline energies are near minimum ionizing and have minimal radiative losses,
giving rise to long straight tracks in the detectors. Tracking detectors can reconstruct such muon
trajectories with excellent precision. Electrons at these energies produce electromagnetic cascades
(called showers) with characteristic length scales given by the radiation length (X0) of the mate-
rial. Tracking detectors can produce detailed images of these showers from which one can infer
the direction and energy of the original particles (for examples, see Figure 6b,c). In general, re-
construction algorithms for tracking detectors attempt not to resolve individual particles within a
shower but rather to reconstruct the shower as a single object. Showers initiated by a photon are
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largely identical to those produced by a electron or positron, but they may be distinguished by a
gap between the neutrino interaction vertex and the start of the shower, as a photon must travel
a distance of order X0 before initiating a shower. Another signature that differentiates electrons
from photons is the energy deposition as a function of distance (dE/dx) in the early part of the
shower, where the deposition corresponds either to a single minimum ionizing particle (MIP) in
the case of an initial electron or positron or to two MIPs in the case of an electron–positron pair
from an initial photon.

Muon energies in tracking calorimeters are best measured by range. Electron, positron, and
photon energies are best measured calorimetrically via the total deposited energy in the electro-
magnetic shower.Other particles are reconstructed in various ways, though in practice energies of
the rest of the event are often simply measured calorimetrically as well. For studying exclusive fi-
nal states, dE/dx along a track provides a useful handle for picking out the highly ionizing protons,
and track kinks or localized heavier depositions can be used to distinguish charged pions from the
cleaner but otherwise similar-looking muons. Neutrons are difficult to detect as they may travel
large distances in the detector before scattering, and they may deposit little visible energy when
they do. Multiple Coulomb scattering can be used to make an estimate of the energy of muons
that exit the detector, though the resolution is significantly worse than that for contained events
measured by range.

5.2.1. Scintillator detectors. The NOvA detector (47) is a tracking calorimeter consisting of
long cells of PVC filled with liquid scintillator.The cells are 3.9× 6.6 cm in cross section, and they
run the full transverse width or height of the detector; each layer of cells alternates between these
orientations such that the position of a throughgoing track can be determined in three dimensions,
as seen in Figure 6b. Light produced by charged particles passing through a cell is collected using
a wavelength-shifting fiber and read out by avalanche photodiodes at the edge of the detector.
The spatial size of the cells was chosen to be much smaller than the radiation length (∼50 cm) in
the detector, allowing for excellent imaging of electromagnetic showers. Unique among current
and planned long-baseline experiments, NOvA has functionally identical near and far detectors;
the primary difference between the ND and FD is their size. This allows for additional analy-
sis techniques when using the ND data to mitigate systematic uncertainties, as discussed below.
The earlier MINOS experiment employed a similar strategy using magnetized steel-scintillator
sampling calorimeters.

5.2.2. Liquid Argon Time Projection Chambers. LArTPCs consist of a volume (or array of
similar volumes) of liquid argon with a strong and uniform electric field applied. When charged
particles propagate through the liquid argon, they ionize the argon atoms to produce ionization
electrons, which in turn drift in the electric field toward spatially granular readout instrumenta-
tion situated on one side of the volume. A two-dimensional image of the particle trajectories is
thus recorded at the readout plane, and the third dimension is obtained from the relative arrival
times of the drift electrons. Typical spacing of readout elements is 3–5 mm, with matching timing
resolution for the drift dimension, so the spatial resolution of the resulting images is of a simi-
lar order. Figure 6c shows a νe interaction in an LArTPC. In addition to this imaging capability,
the energy deposited by charged particles can be measured calorimetrically from the observed
ionization charge.

Scintillation light is produced alongside the ionization signal, and this light can be detected
promptly (relative to the much slower millisecond-scale drifting electrons) by a light detection
system to determine the time (t0) at which the interaction occurred. If the light collection system
is suitably efficient, it can also be used for event calorimetry. The DUNE experiment uses the
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LArTPC technology, as fits a longer-baseline experiment with correspondingly higher energies
and higher-multiplicity final states.

6. NEAR DETECTORS

ND data allow significant reductions in systematic uncertainties from flux, cross sections, and
detector response in long-baseline oscillation experiments. Various strategies for achieving these
reductions are used, but all involve obtaining high-statistics ND samples of neutrino interactions
differentiated in neutrino energy, flavor, interaction channel, and final-state kinematics. Because
they are so close to the origin of high-power neutrino beams, NDs must be able to perform in
a high-rate environment. Naive extrapolation of measurements from ND to FD is not possible
because the flux at the two detectors is significantly different, mostly as a result of neutrino os-
cillations. These considerations mean that NDs must perform as well as, or often better than,
their FD counterparts. Additionally, a broad suite of stand-alone measurements, including cross-
section measurements, precision Standard Model measurements, and searches for new physics, is
typically made using NDs in long-baseline experiments.

A given ND design is coupled strongly to the analysis techniques used. This section describes
the detectors themselves, and Section 7 discusses the analysis techniques. Note that the categories
need not be mutually exclusive.

6.1. Functionally Identical Near Detectors

When practical, experiments often include an ND or an ND component that is functionally iden-
tical to the FD. One example is the NOvA ND, which differs from the FD primarily in size
(Section 5.2.1). This setup ensures that the target nuclei, event selection efficiencies, and energy
resolutions are as similar as possible to those of the FD.The earlier MINOS experiment also used
nearly identical ND and FD designs. DUNE’s ND suite includes an LArTPC (see below) that
functions similarly to the FD, though with more substantive differences than between NOvA’s
two detectors. In both the NOvA and DUNE cases, a downstream “muon catcher” is required at
the ND to measure the momentum of muons that exit the back of the detector.

6.2. Multicomponent Detectors

In many cases, a single detector cannot meet all of the ND physics needs, so a suite of comple-
mentary detectors is employed. The T2K ND suite includes an on-axis iron-scintillator detector
(INGRID) and an off-axis multicomponent detector (the ND280) consisting of an inner tracking
region with time projection chambers (TPCs) interleaved with fine-grain detectors, an upstream
π0 detector, an electromagnetic calorimeter, and side muon detectors, all inside a magnetic field.
This complex is currently being upgraded to reduce systematic uncertainty by approximately 30%
relative to the T2K analysis for important flux and cross-section parameters (48).TheDUNEND
suite consists of three components: the abovementioned LArTPC; amuon spectrometer, to be up-
graded to a multipurpose detector such as a magnetized gaseous argon TPC (see Section 6.4); and
a straw-tube tracker spectrometer (see Section 6.3).

6.3. Segmented Near Detectors

An important feature of the planned ND280 upgrade (48) is the Super-FGD, a fine-grained,
fully active plastic scintillator detector. Super-FGD consists of approximately two million
individual scintillator cubes, each 1 × 1 × 1 cm3 and coated in a reflecting layer for optical
segmentation. Scintillation light from each cube is read out in three orthogonal directions using
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wavelength-shifting fibers coupled to multipixel photon counters such that three-dimensional
position reconstruction is possible. This design is expected to significantly improve capability to
reconstruct low-energy particles and neutrons.

DUNE’s SAND (System for On-Axis Neutrino Detection) (49) includes a straw-tube tracker
consisting of low-mass straws (5 mm in diameter with 12-µm walls) arranged in alternating x and
y layers. Thin, passive target layers are interspersed among the straws and account for most of
the detector’s mass, separating the target mass from the low-mass tracking system and allowing
for the possibility of multiple target nuclei for additional cross-section studies. This inner tracker
is surrounded by a magnet and calorimeter originally used in the KLOE (50) experiment. In ad-
dition to providing vital on-axis beam monitoring, SAND is capable of high-precision neutrino
interaction measurements that may help to constrain models of neutrino interaction. One pro-
posed study aims to infer CC interactions on a free proton by subtraction of samples interacting
on the polypropylene (CH2) and graphite (C) targets of the tracker (49).

6.4. Argon Near Detectors

DUNE’s ND suite is designed around argon-based detectors to match the target nucleus of the
FD.DUNE’sND-LAr (49) is an LArTPCwith an operational principle similar to the FD’s.Given
the much higher event rates at the ND site, ND-LAr will consist of a number of smaller indepen-
dent TPCs, reducing drift times and event pileup. Reconstruction (including µ± differentiation)
of muons that exit the back of ND-LAr will initially be provided by a downstream magnetized
spectrometer. The proposed Phase II replacement for the spectrometer is ND-GAr (51), a mag-
netized high-pressure gaseous argon TPC surrounded by an electromagnetic calorimeter inside
themagnet, and amuon system.While ND-GAr would serve as the muon catcher for ND-LAr, its
low thresholds and low density should allow greatly improved particle tracking and identification
capabilities for interactions on argon, enabling further constraints of neutrino scattering uncer-
tainties and measurements of final states at a level of detail not possible with the higher-density
LAr detector.

6.5. Movable Detectors

The two argon-based components of the DUNENDwill have the capability to move in tandem a
distance of 30 m transverse to the beam, enabling measurements at off-axis angles ranging from 0
to 3.2° and facilitating the PRISM analysis described in Section 7.1.3. Similarly, the Hyper-KCol-
laboration plans to include a movable WCD as part of its ND suite. This detector will be located
at an intermediate baseline of around 1 km and will cover an off-axis range of approximately 1–4°.

6.6. Additional Nuclear Targets

The π0 detector (52) in T2K’s ND280 detector is composed of layers of plastic scintillator alter-
nating with water targets and brass sheets or lead sheets. The water targets can be filled with water
or left empty. Data are collected in both modes; this allows for a subtraction analysis to infer the
interaction rate on water alone, an example of which is described in Reference 53. Subtraction
analyses are also proposed for DUNE’s SAND.

7. ANALYSIS STRATEGIES

Neutrino oscillation parameters are extracted by comparing observed flavor-separated FD spectra
to corresponding predicted spectra with varied assumptions for the parameters. In practice, this
is done with detailed fitting algorithms designed to disentangle multiple oscillation and nuisance
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parameters (e.g., from systematic uncertainties). Because detectors differ significantly from exper-
iment to experiment, so too do the approaches for neutrino energy estimation, flavor tagging, and
background rejection when forming the event spectra; however, the fundamental goals of these
analysis components are the same across experiments. The core FD spectra of interest are νµ-
and νe-selected events as a function of reconstructed neutrino energy. These samples may be fur-
ther differentiated by final-state particle content, event classifier variables, or particle kinematics
(e.g., the presence or absence of a charged pion in T2K’s νe samples, or separation into quartiles
of hadronic energy fraction in NOvA’s νµ samples). These choices can lead to additional power
in the oscillation parameter fits by reducing the statistical influence of backgrounds or of finite
detector resolution or by recovering events otherwise rejected by a more basic approach.

7.1. Predicting Far Detector Spectra

Several conceptually different approaches have been developed for creating FD predictions. All
use some mix of ND data and simulation tools to reduce the impact of systematic uncertain-
ties to the greatest extent possible. Three leading approaches are sketched here. Next-generation
experiments are being designed with a blend of approaches in mind.

7.1.1. Near detector fits. A direct way to incorporate ND constraints in the FD predictions is
to explicitly fit a sophisticated simulation-based flux, cross section, and detector response model to
high-statistics ND data samples. Taking T2K as an exemplar of this approach, the collaboration’s
most recent result uses 22 independent samples selected from the various ND280 subdetectors,
separated intomany exclusive final states (e.g., based on the presence of protons, pions, or photons)
and binned across useful kinematic variables (e.g., lepton momentum and angle). This pool of
data is fitted to constrain the experimental model parameters, and this constrained model with
its correlated a posteriori systematic uncertainties is used in the fit to the oscillation-sensitive FD
spectra. Additional systematic uncertainties not constrained by the ND fits are also present (e.g.,
FD-specific detector uncertainties). The T2K Collaboration has carried out analyses in which the
ND and FD samples are fitted simultaneously as well as ones that take a two-step fitting approach.
T2K’s flux and cross-section uncertainties are reduced by approximately a factor of two in this
process (54).

7.1.2. Extrapolation. The essentially identical construction of NOvA’s ND and FD allows FD
predictions to be formed rather directly fromND data. For example, the observed rates of ND νµ

events in bins of neutrino energy,hadronic energy, and transverse leptonmomentum are converted
into expected rates for these events in the FD. The experiment’s detailed flux, cross section, and
detector response simulation is used to calculate this near-to-far translation, or “extrapolation,”
naturally folding in gross factors like distance from the beam source and detector mass as well as
the many more subtle factors like reconstruction smearing, event containment differences, and
the influence of neutrino oscillations themselves.

Unlike in the above ND fit procedure, systematic uncertainties on the simulation are not con-
strained by the ND data; they are left at their (large) a priori values. Instead, the influence of the
uncertainties on the oscillation fit is significantly reduced simply because the data-based FD pre-
dictions are largely stationary under model variations since the model is used only to correct for
near–far differences and not to form the FD predictions from scratch. The most recent NOvA
oscillation analysis is described in Reference 17.

7.1.3. PRISM. As described in Section 3, the neutrino energy spectrum varies with off-axis
angle: The spectrum becomes narrower and its peak energy becomes lower as the off-axis angle
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increases. Data collected at different off-axis angles can therefore be used to disentangle or
constrain flux and cross-section uncertainties in a powerful way.

In ND-fit-style analyses, off-axis samples can be included in the fits to provide better con-
straints and, importantly, to provide additional protection against inadequacies in the fitted model.
For example, a cross-section model deficiency that might be unknowingly tuned away when fit-
ting at a single detector position is unlikely to survive when confronted with data from multiple
off-axis angles (i.e., data with distinct neutrino energy spectra). Tension in such ND fits would
alert experimenters to model issues that could potentially influence the FD oscillation fits. As a
proof of concept, DUNE conducted a sensitivity analysis assuming a hypothetical but plausible
modeling error where the energy balance between recoiling protons and neutrons is incorrect.
This ad hoc mismodeling was designed to keep on-axis ND data unchanged while inducing un-
acceptable oscillation fit biases. The off-axis data would, in this case, clearly reveal the presence
of a modeling issue (49).

In an extrapolation-style analysis, the PRISM technique offers a novel and particularly effec-
tive reduction in model dependence. For example, the FD νµ energy spectrum looks very different
from the corresponding ND spectrum due to oscillations. Thus, model uncertainties or deficien-
cies that influence energy reconstruction, such as the ad hoc proton–neutron energy variation
described above, can bleed into extrapolation-based FD predictions. With PRISM, ND data sets
are collected with multiple neutrino energy spectra. If these spectra span a wide enough range of
energies and are sufficiently distinct from one another, it is possible to construct from them a new
virtual ND neutrino energy spectrum that is similar to the oscillated spectrum at the FD for any
choice of oscillation parameters by taking linear combinations of the off-axis spectra. This allows
the creation of virtual ND data sets that have FD-like neutrino spectra, including the influence of
oscillations.

In this way, FD predictions can be formed directly fromND data without suffering from spec-
tral differences, eliminating the primary avenue by which energy-coupled model uncertainties
enter the analysis. Figure 7 shows this technique applied in the presence of the proton–neutron
model variation described above.

7.2. Statistical Procedures

While details of statistical analysis procedures are beyond the scope of this article, we briefly
describe common techniques used to interpret long-baseline oscillation data. The Particle Data
Group review article on statistics (9) provides an excellent introduction to statistical analysis in
particle physics.

Both frequentist and Bayesian statistical analysis procedures are used in the field for carrying
out hypothesis tests or setting confidence or credible intervals for parameters of interest. Pa-
rameter fits are commonly performed using a binned Poisson likelihood ratio λ, typically cast in
logarithmic form as follows:

−2ln λ(θ ) = 2
N∑
i=1

[
pi(θ ) − di + dilog

di
pi(θ )

]
, 5.

where the sum runs over theN data bins, di is the observed number of events in the ith bin, pi(θ ) is
the predicted number of events in the ith bin, and θ is the set of free parameters in the fit, including
any nuisance parameters related to systematic uncertainties. If any of the free parameters have a
priori constraints, these constraints can be injected in a number of ways depending on the statistical
methodology in use and the complexity of the prior distributions. In the simplest scenario, one
can add penalty terms to the above likelihood ratio; an uncorrelated parameter θ s with Gaussian
prior uncertainty σ s centered on mean θ̂s would lead to a penalty term of (θs − θ̂s )2/σ 2

s .
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Figure 7

DUNE-PRISM νµ FD prediction for various oscillation parameters. The fake FD “data” (solid dark blue lines
and circles) are generated using the proton–neutron model alteration described in Section 7.1.3. The
unmodified, and thus incorrect, model prediction is labeled MC prediction (dashed red lines); it deviates
clearly from the FD data. In contrast, the linear combination prediction (solid gray lines with hatched error
bars) based on ND data correctly predicts the FD spectrum despite the presence of a large “unknown”
cross-section modeling problem. The statistical error bars on the prediction reflect the limited size of the
MC sample used in the study. The blue shaded region indicates the portion of the PRISM prediction that
comes directly from the ND data, while the purple and orange shaded regions are additional corrections that
complete the prediction. For technical details, see Reference 49. Abbreviations: FD, far detector; MC,Monte
Carlo; NC, neutral current; ND, near detector; PRISM, precision reaction-independent spectrum
measurement; WSB, wrong-sign background. Figure adapted from Reference 49 (CC BY 4.0).

If the conditions for Wilks’s theorem (55) are met and the event counts are sufficiently
large, then the minimum of −2ln λ follows a chi-squared distribution, which allows for practi-
cal simplifications in the statistical analysis. However, these conditions are very often not met
in long-baseline experiments. In frequentist analyses, confidence intervals with correct coverage
may be determined using the Feldman–Cousins unified approach (56), for which a large ensemble
of pseudoexperiments is generated using Monte Carlo simulation to empirically determine the
postfit likelihood ratio distributions across parameter space. This technique is computationally
expensive but can often make substantial corrections relative to faster but approximate methods.
In Bayesian analyses, Markov chain Monte Carlo methods are commonly used, in which an en-
semble of points in parameter space is ultimately drawn according to the posterior probability
density. Bayesian credible intervals are then built from this ensemble of points, as in, for exam-
ple, Reference 57. Experimental collaborations sometimes report results from multiple styles of
statistical analysis in parallel.

8. OTHER PHYSICS WITH LONG-BASELINE EXPERIMENTS

The detection capabilities of long-baseline neutrino oscillation experiments are well suited to
a range of other physics topics, such that these experiments typically produce a broad range of
physics results.While these physics topics are beyond the scope of this review, they greatly enhance
the breadth of the physics programs in long-baseline experiments, so we mention them briefly
here.

The νµ and νe CC samples that are used in the measurement of three-flavor oscillation param-
eters are, naturally, also sensitive to deviations from three-flavor oscillation due to BSM (beyond
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the Standard Model) effects such as mixing with sterile neutrinos (10, 58), nonstandard interac-
tions (59–61), and violations of CPT symmetry or Lorentz invariance (62–64). In some cases, these
effects may modify the observed spectra in ways that are similar to variations of the three-flavor
oscillation parameters; multiple long-baseline experiments with different baselines and energies
can help resolve such potential degeneracies.

The massive FDs used in long-baseline experiments can provide significant sensitivity to
baryon-number-violating processes such as proton decay (63, 65) and neutron–antineutron os-
cillation (66, 67), particularly when background is suppressed by locating the detectors deep
underground.While such processes are predicted bymanyGrandUnified Theories, they have not
yet been observed. The best limits for most nucleon decay modes have been set by the Super-K
experiment (68, 69).

FDs in long-baseline experiments are also sensitive to neutrinos from natural sources, such as
atmospheric and solar neutrinos. Atmospheric neutrinos (70), produced when cosmic rays inter-
act in the Earth’s atmosphere, have an energy spectrum that extends to very high energies and
have a large range of azimuthal angles. The original discovery of neutrino oscillation was based
in part on observation of atmospheric neutrinos, as described in Section 1. In future experiments,
these samples are expected to provide complementary sensitivity to accelerator neutrinos for the
parameters governing long-baseline oscillation; Hyper-K plans to use this sample for determina-
tion of the neutrino mass ordering. Study of atmospheric neutrinos is also a promising avenue for
searches for BSM effects such as CPT and Lorentz violation.

Solar neutrinos (71) are sensitive to the two neutrino mixing parameters that are not accessi-
ble in long-baseline neutrino oscillation experiments and have historically played a large role in
our understanding of neutrinos. In future experiments, solar neutrinos may be used to study the
metallicity of our Sun, to provide input to models of stellar evolution, to probe the interaction of
neutrinos with matter in the Sun, and to search for new physics effects, in addition to continuing
the program of precision measurements of three-flavor neutrino oscillation.

Neutrinos from a core-collapse supernova (72, 73) act as messengers, providing a wealth of
information about the physics of stellar collapse and explosion and, in turn, stellar evolution and
nucleosynthesis, as well as providing information about neutrinos themselves. Next-generation
long-baseline oscillation experiments would detect thousands of supernova burst neutrinos if such
an event occurs in our Galaxy while the experiments are operational, with highly complementary
samples detected by DUNE and Hyper-K. DUNE will be more sensitive to electron neutrinos
via CC absorption of electron neutrinos on 40Ar, while Hyper-K will be more sensitive to electron
antineutrinos via inverse β decay.Neutrino experiments play an important role in multimessenger
astronomy, participating in the early warning system for supernova bursts—SNEWS (74)—as
neutrinos will be the first terrestrial sign of a supernova burst.

While NDs for long-baseline experiments are designed primarily to constrain systematic un-
certainties for the oscillation analysis, these detectors also provide rich physics programs, including
BSM searches and Standard Model measurements (49, 64, 75).

9. CONCLUSION

Long-baseline accelerator-based neutrino oscillation experiments are able to measure θ23, 1m2
32,

θ13, and δCP in a single experiment. These experiments observe an initial beam of predominantly
muon neutrinos or antineutrinos at two detector sites, one near the beam source before significant
oscillations have occurred and the other at a large FD sited hundreds of kilometers downstream.
The oscillation channels most readily observed are νµ/ν̄µ disappearance and νe/ν̄e appearance,
with sensitivity to θ13, δCP, and the θ23 octant coming from the appearance channel.
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To accumulate sufficient statistics at the FD, high-power beams and massive detectors are re-
quired. To make precision oscillation measurements, sophisticated NDs that are well matched to
their FD counterparts are required to constrain systematic uncertainties from flux, neutrino inter-
action models, and detector effects. Modeling the complex interactions of neutrinos with nuclei,
and understanding the impact of imperfections in this model, is a critical and challenging aspect
of these measurements that requires careful design of detectors and analysis techniques as well as
dedicated theoretical and experimental effort.

Currently operating experiments—NOvA and T2K—have developed sophisticated analysis
techniques, have observed both disappearance and appearance signals, and have published mea-
surements of 1m2

32, sin
2θ23, and δCP. However, the next generation of experiments—Hyper-K and

DUNE—is necessary to definitively determine the neutrino mass ordering, to provide discovery
sensitivity to CP violation, and to make precision measurements of the parameters governing neu-
trino masses and mixing. Beyond long-baseline oscillations, these experiments have broad physics
programs with connections to low-energy neutrinos from astrophysical sources, BSM physics, and
precision neutrino interaction physics.

SUMMARY POINTS

1. Long-baseline neutrino oscillation experiments detect νe/ν̄e appearance and νµ/ν̄µ dis-
appearance in νµ/ν̄µ beams, providing sensitivity to three-flavor oscillation parameters
governing ν1ν3 and ν2ν3 mixing. The neutrino mass ordering, the value of the CP-
violating phase δCP, and the θ23 octant are unknown and are being pursued by current
and next-generation experiments.

2. Long-baseline oscillation measurements rely on an understanding of the neutrino flux,
neutrino scattering cross sections, and detector effects that, a priori, have large associ-
ated systematic uncertainties. Sophisticated detector designs and analysis techniques are
required to sufficiently mitigate systematic uncertainties.

3. Detectors for long-baseline oscillation experiments must provide sufficiently large target
mass to collect the large numbers of neutrino events needed for precision measurements
andmust be sophisticated enough to allow detailed reconstruction for event classification
and energy estimation. Details of detection, reconstruction, and analysis strategies vary
among experiments and must be well matched to the neutrino flux at each location.

4. Near detectors are critical for constraining systematic uncertainties, and these detectors
typically have more stringent performance requirements than far detectors.

5. Long-baseline neutrino oscillation experiments have broad physics programs be-
yond three-flavor oscillation measurements, including study of solar and supernova
burst neutrinos, searches for physics beyond the Standard Model (BSM) (including
baryon-number-violating processes), and neutrino–nucleus interaction measurements.

FUTURE ISSUES

1. Next-generation long-baseline oscillation experiments (Hyper-Kamiokande and
DUNE) are being built in Japan and the United States. These experiments are highly
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complementary in design with different flux, baseline, target nucleus, and detector
technologies. Commitment from the international community is essential to realize
both of these important experimental programs.

2. Joint fits among long-baseline experiments will be powerful in leveraging experimental
complementarity and in differentiating between three-flavor and BSM signatures. As
statistical uncertainties decrease with ever-growing data sets, significant effort will be
required to fully understand and treat potential correlations in systematic uncertainties
across experiments with differing designs and experimental details.

3. Neutrino–nucleus interaction models and related simulation tools are important for
long-baseline neutrino oscillation experiments. Continued development of these models
and tools, folding in current and future neutrino or other (e.g., electron) scattering data,
requires collaboration among nuclear and particle theorists and experimentalists.
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